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Multibeam antenna has been one of the hotly pursued topics in wireless communications in recent 
years, and is increasingly finding applications in a wide range of modern communication systems, such as 
Cellular Network, Wireless Local Loop, Wireless LAN, etc. In many communication systems we face 
problems of interference which limits coverage range capacity. A multibeam base station antenna system 
is proposed as a technology to solve these problems. 
In this project, a multibeam array antenna for basestation operating at 2.32 GHz band is optimised 
in terms of size, packing density, coupling performance and other important operational parameters. Butler 
matrix is used to design a microstrip and a stripline beam forming network. This matrix network 
subdivides a signal entering an input port into equal parts at the output ports with progressive phase shift. 
Finite Difference Time Domain (FD-TD) method is used to provide a full-wave analysis of the antenna and 
coupling effects between elements and feed networks. The perfectly matched layer (PML) absorbing 
boundary condition and the Prony's extrapolation technique are applied to increase the simulation accuracy 
and reduce the computation time. 
With the help of FD-TD, we successfully design a multi-layer multibeam antenna with 30% 
reduction in network size, good front-to-back ratio and desirable radiation pattern. Through an interference 
measurement, it was demonstrated that the co-channel interference was suppressed by 12 dB. 
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Chapter 1: Introduction 
Chapter 1: Introduction 
The boom in mobile telephony places increasing demands on the frequency spectrum allocated to 
each operator. In the roll out stage of constructing a network, one requires as large coverage as possible for 
each Base Station to reduce infrastructure costs. A greater range can be obtained by increasing the 
Effective Isotropic Radiated Power (EIRP). If it is done by increasing the transmitted power, then the 
mobile station must also increase its power giving rise to detrimental effects, such as reduced battery life 
and high RF power near user's head. 
One of the key techniques of cellular technology to increase capacity is the reuse of spectrum in 
different cells, where the spatial extent of these cells is based on a given permitted threshold of 
interference. The increase in base station transmitted power does not reduce the carrier-to-interference 
ratio and as a consequence no improvement in capacity is obtained. One approach to solve this problem is 
to build smaller cell sites to increase capacity. Unfortunately, building new cellular base station is time 
consuming and expensive. In many high traffic areas, cell sizes are already about as small as can be 
accommodated given real world handoff delays. Sectorization is another method of increasing capacity, 
！ 
j but with associated tradeoffs in trunking efficiency. 
j The most economical approach to the problem of increasing network capacity and coverage is to 
i use multibeam base station antenna. This kind of antenna can increase EIRP while at the same time reduce 
1 
i the interference from and to other mobile users. This is particularly important for CDMA networks, 
i； 
j In this thesis, we concentrate on designing and optimizing the beamforming network for a 
I 
multibeam antenna at 2.32 GHz. This type of antenna directs beams in different directions simultaneously, 
offering frequency reuse and improved signal to clutter/noise ratio with no penalty on trunking efficiency. 
！ 
I In addition, the effective gain, adjacent and co-channel interference can also be improved dramatically. 
I A Butler matrix is used to form multiple beams. It is an N inputs by N outputs network with 
丨 
I multiple rows of 3 dB hybrids combined with rows of fixed phase adjustment sections. For each input port, 
: the network will produce signals with progressive phase shifts and equal power at the output ports. The 
1 
I signals from the output ports will then recombine constructively in the far-field in a specific direction. We 
j used Finite Difference Time Domain (FDTD) method to perform full-wave analysis of the beam forming 
•I j ！ i ! 
I 1 
} I j 
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network. We optimized the feeding network to reduce phase error and transmission loss. For the antenna 
part, an aperture coupled patch antenna was used. It had the advantage that the antenna was completely 
shielded from the feed and different substrates could be used for the radiating and the circuit sides for 
optimal performance. For substrate selection, we choose a low cost FR4 substrate to reduce production 
cost. 
This thesis is divided into six chapters: Chapter 2 is background theories, showing basic 
formulation of the FD-TD method, transmission line circuit theories and antenna theories. Chapter 3 is 
Butler Matrix analysis and design, which focuses on how to design a 4 by 4 Butler Matrix beamforming 
network in terms of low transmission loss, low phase error, size reduction and minimal coupling. Chapter 
4 is multibeam array analysis and design, which demonstrates how to combine the beamforming network 
together with antenna elements. It demonstrates that using stripline feed can dramatically improve the 
front-to-back ratio by more than 16 dB when compared with microstripline feed. One adverse effect of 
using the stripline feed is production of parallel-plate mode, which greatly affect antenna efficiency. A 
new feeding method is proposed to suppress this parallel-plate mode. Chapter 5 gives some design 
examples and application of multibeam antenna. A 16 beams antenna array were constructed and engaged 
in an interference experiment which show the co-channel interference improved by 12 dB. Finally, chapter 
6 concludes this thesis and gives some recommendations for future work. 
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Chapter 2: Background and Theories 
2.1 Background History 
In 1966，Kane Yee developed a set of finite-difference equations for the time-dependent 
Maxwell's curl equations. This "Yee's algorithm" solves for both electric and magnetic fields in alternating 
time and space steps using the coupled Maxwell's curl equations instead of the traditional way of solving 
for the electric field alone or the magnetic field alone with the wave equation. This algorithm centers its E 
and H components in three-dimensional space called “ Yee's Lattice" as shown in Fig. 2.1, so that every E 
component is surrounded by four circulating H components and every H component is surrounded by four 
circulating E components. Thus, it provides a beautiful yet simple picture of three-dimensional space being 
filled by an interlinked array of Faraday's Law and Ampere's Law contours. 
a i , k + l )   
/ ^ ^ ^ C ^ 
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( i + l , j , k ) 
Figure2.1 The Yee's Lattice 
Since then, the FD-TD method has been used extensively for the solution of two- and three-
dimensional scattering problems. Recently, FD-TD methods have been used to effectively calculate the 
frequency-dependent characteristics of microstrip discontinuities. Analysis of the fundamental 
discontinuities is of great importance since more complicated circuits can be realized by interconnecting 
3 
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these discontinuities with transmission line using network theory. Some circuits, however, such as patch 
antennas, may not be realized in this way. Additionally, if the discontinuities are too close to each other, 
the use of network concepts will not be accurate due to the interaction of evanescent wave. In such 
circumstances, FDTD shows great promise in its flexibility in handling a variety of circuit configurations. 
To accurately analyze these types of structures, it is necessary to simulate the entire structure in one 
computation. The FD-TD method shows great promise in its flexibility in handling complicated circuit 
configurations. 
2.2 Finite Difference Time Domain Method 
2.2.1 Basic Formulation 
A) Governing Equations 
Formulation of the FD-TD method begins by considering the differential form of Maxwell's 
two curl equations, which govern the propagation of fields in the structures. We assume an isotropic 
lossless medium with no magnetic current source. With these assumptions, Maxwell's curl equations can 
be written as 
/1— = -VxE (2.2.1) 
dt 
孙 
S - = WxH-J (2.2.2) 
dt 
Now we write out the vector components of the curl operator in (2.2.1) and (2.2.2) to yield the following 
system of six coupled scalar equations equivalent to Maxwell's curl equations in the three-dimensional 
rectangular coordinate system (x,y,z): 
d \ d E7 d EyA d Ex d E , - d E d E , -
- ^ ^ { H ^ M , M , ) ^ { - ^ - ^ ^ ) x + { ^ ^ - ^ ^ ) y + { ^ ^ - ^ ^ ) z 
(9 t d y d z d z d x d x d y 
i 
d H, - \ d E, ^E 
- 3 ^ = — ( - ^ - - ^ ) (2.2.3.a) 
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d H y —1 d E , d E z、 
" V ^ = — ( - ^ - - ^ ) (2.2.3.b) 
d t jJ. d z d X 
^ . z l ( ^ _ i A . ) (2.2.3.0 
d t |1 d X d y 
d d H d Hy ^ A d H , d Hz ^ -
e^{E^,E^,E^) = { ^ - ^ ^ - a E ^ ) x ^ - { - ^ - ^ - G E ^ ) y 
d t d y d z d z d X 
, ^ H^ d H , p � A 
+ ( ~ P ^ - ~ 3 ~ ^ — a E J z 
d X d y 
d Ex 1 d Hz d H 
- ^ = - ( ^ ^ — ~ ^ - CE^ (2.2.4.a) 
d t e d y d z 
d Ey 1 d Hx d Hz 尸� 
-=-( --aE ) (2.2.4.b) 
d t £^ d z d X “ 
d Ez 1 d H d Hx ^ 
- ^ = - ( - r ^ - " 3 ^ - 0 ¾ (2.2.4.c) 
d t £ d X d y z) 
This system of six coupled partial differential equations of (2.2.3) and (2.2.4) forms the basis of 
the FD-TD numerical algorithm for electromagnetic wave interactions with general three-dimensional 
objects. Following Yee's notations, we denote a space point in a uniform rectangular lattice as (i, j, k ) = 
(iAx, jAy, kAz). Ax, Ay and Az are, respectively, the lattice space (Fig. 2.1) increment in the x, y, and z 
coordinate direction, and i, j, and k are integers. In addition, we denote any function E of space and time 
evaluated at a discrete point in the grid and at a discrete point in time as 
E(iAx,jAy,kAz) = E"(i,j,k). 
5 
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B) Discretization ofDifferential Equations 
Yee used central difference expression for the space and time derivatives that are both simply 
programmed and second - order accurate in the space and time increments. Consider his expression for the 
first partial space derivative of E in the x-direction, evaluated at the fixed time t^ 二 nAt: 
dE E:(i + ^ j , k ) - E : ( i - ^ j , k ) 
^ 二 ^ + 0(Ax^ ) (2.2.5.a) 
dx Ax 
^ 二 E 7 h j , k ) - E : k j , k ) + _ 2 ) (2.2.5.b) 
dt At 
Yee chose this notation since he wished to interleave his E and H components in the space lattice at 
interval of Ax/2. For example, the difference of two adjacent E components, separated by Ax and located 
士 1 / 2Ax on either side of an H component, would be used to provide a numerical approximation for 
dE/dx to permit stepping the H component in time [1]. We now apply the above ideas and notation to 
achieve a numerical approximation of Maxwell's curl equations in three dimensions, given by (2.2.3) and 
(2.2.4). 
n^{,. . 1 j , 1 „ « 4 / - . 丄 1 7 , 1 � , Af (2.2.6.a) 
H, H i , J ^ - , k ^ - ) = H^ 2(i,7+-,^ + -) + j j-
2 2 A (^/,7 + - ,^+-) 
E;{iJ + ^,k + l)-E;{i,j + ^.k) E:(i,j,k + � - E ; ( U + l,k + l ) 
[ A^  + A^  ] 
„+丄 1 1 n-- 1 1 At 
< 2 (/ + i , j , k + - ) = H), 2 (i + - , j , k + - ) + ——J r (2.2.6.b) 
M (/+-,J,^+-) 
E:(i + lJ,k+h-E:(i,j,k + h £;(/ + 去’丄众)—五:(/ + 去,力众 + 1) 
[ ^ — + — ] 
L Ax Az 
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n+丄 1 1 n - | 1 . 1 ,、 A^ (2.2.6.c) 
< ' { i ^ ^ J ^ - . k ) = H^ ^(/ + - , 7 + - , / ： ) + — — J ~ " " — 
2 2 M ( / + - , 7 + - , / : ) 
E l { i ^ \ j ^ U ) - E : { i + \ . j . k ) E;{uj + \ , k ) - E ; { i ^ h j + ^ . k ) 
� ± + 
A;y Ax 
1 1 1 1 (2.2.7.a) 
E，(i+i,j,k) = Xa(i+5’j,k�.EnAi + 5,j,k�+ Xb(i+~^,j,k). 
H ' K i ^ { j ^ \ , k ) - H : H i ^ \ j - \ ^ ^ ^ 
[ ^ Az 
五;+1 (“ J + 全，^) - Xa(i, j + 去，k). E; (i, j + 去，k) + Xb(i, j + 去，k). <2.2^ 
H : k i J ^ l k ^ { ) - H T H i J ^ { , k - l ^ ^ 
[ A^ + Ax 
1 1 1 1 (2.2.7.c) 
E^ (i, j, k + - ) = Xa(i, j, k + - ) . E： (/，j,k + - ) + Xb(i, j, k + - ) . 
< * ( / + 去 , ^ + 去 ) - < * (卜去 " . , " + 去 ) < + * (“卜去，“全 ) - < * (。 . + 全，"+去) 
[ A^ + A j 
^_a(iJ,k)At At 
“2e(i,j,k) . e(i,j.k) 
w h e r e Z a ( ^ j , / : ) ^ 魄 卵 and X K l , J , k � = ~ ^ ^^ ^ ^ ^ . (2.2.8) 
1 + 2e(iJ,k) ^2s(iJ,k) 
The Vi indices only reflect the true positions of the fields. In the actual computer code, they are 
not shown and assumed understood. Referring to Fig. 2.1’ the index in E[i, j, k] and H[i, j, k] represents 
the notation used in the computer code, though they are not truly located at the lattice point (i, j, k) [2]. For 
a rectangular cell, we can develop the following basic update equations for ^ and E :^ 
Ar 
I H^[i][j][k][ncur] = H^[i][j][k][nprl] +风,.][)][幻[(五』丨][力[众 + 1][叩厂1] “ E^[i][j][k][nprl]) / Az 
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五,[/][刀[幻["仏厂]=力闭[力[幻.五义[爪刀[幻["厂厂1]+叉风《][刀[叶（付2[《][刀[幻["〔"厂] 
‘ —HJi][j — mMncur^ + H^[i][j][k - l][ncur] - Hy[i][j][k][ncur]) (2.2.9.b) 
where the indices ncur and nprl denote the current and the previous time step field values respectively. 
During the program run, the H field components are updated first, followed by the E field components. It 
should also be noted that since the E^[i][j][k] is located at the common edge of c&W(i,j,k), (i,j-l,k), (i,j,k-l) 
and (iJ-l,k-l) (refer to Fig. 2.1)，in order to satisfy the boundary conditions across different dielectric 
materials [3], the electric permittivity and conductivity are spatially averaged, i.e., 
e[i][j][k] = (E[i][j][k]+s[i][j-l][k]+e[i][j][k-l]+e[i][j-l][k-l])/4 (2.2.10.a) 
G[i][j][k] = (a[i][j][k]+G[i][j-l ][k]+G[i][j][k-l]+G[i][j-l][k-l])/4 (2.2.10.b) 
The above equations is valid for E^ only and similar averages can be obtained for Ey and E .^ 
C) Numerical Stability 
The numerical algorithms for the above Maxwell's curl equations require that the time increment 
At has a specific bound relative to the lattice space increments Ax, Ay, and Az. This bound is necessary to 
avoid numerical instability, an undesirable possibility with explicit differential equation solvers that can 
cause the computed results to spuriously increase without limit as time-matching continues. 
Thus, the maximum time step and the lattice space are limited by the Courant stability requirement of the 
finite difference equations [1], 
1 
1 ( 1 1 1 V2 
bd < + ~ ^ + ~ ^ (2.2.11 .a) 
Vm“Ax2 A/ Az') 
Ax,Ay,Az<^ (2.2.ll.b) 
where Vm&x is the maximum phase velocity and is the speed of light in free space. 
8 
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2.2.2 Absorbing Boundary Condition (PML 一 Bandlimited) 
A) Berenger Perfectly Matched Layer 
Owing to the finite capabilities of the computers used to implement the finite-difference equations, 
the mesh must be limited in the x, y, z directions. The difference equations cannot be used to evaluate the 
field components tangential to the outer boundaries since they would require the values of field components 
outside the mesh. Therefore, the tangential electric field components on the six mesh walls must be 
specified in such a way that outgoing waves are not reflected by using the absorbing boundary condition 
(ABC). ABC must be carefully chosen because reflection from imperfect ABC may cause significant error 
in the field calculation in the computational domain. Berenger has recently published a novel ABC [4] for 
FD-TD meshes in two dimensions with orders of magnitude improved performance relative to any earlier 
technique, such as Mur's ABC. This approach, which he calls the "perfectly matched layer (PML) for the 
absorption of electromagnetic waves", is based upon a splitting of electric or magnetic field components in 
the absorbing boundary region with the possibility of assigning losses to the individual split field 
components. The net effect of this is to create a nonphysical absorbing medium adjacent to the outer FD-
TD mesh boundary that has a wave impedance independent of the angle of incidence and frequency of 
outgoing scattered waves. He reported that the effective reflection coefficients for his ABC was 1/3000 
than that of the standard 1'' and 2"^  order Mur's ABC. Furthermore, he also reported total grid noise 
energies reduced to 10"^ times the level produced by the conventional ABCs. Subsequently, the PML was 
extended to three dimension domain [5] and the result showed that the maximum dynamic range of FD-TD 
modeling，as limited by imperfect ABCs, is increased to greater than 80 dB. 
9 
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B) Theory, Two-Dimensional TE Case 
Consider first Maxwell's equations in two dimensions for the TE polarization case, where only 
field components E ,^ Ey and H^ are included. The Maxwell equations can be reduced to 
dE^ dH^ 
e , ^ + CXE, = ~ ^ (2.2.12.a) 
o dt ^ dy 
dE), dH^ 
e � ^ + aE^ = - " ^ (2.2.i2.b) 
0 dt ^ ax 
dH^ , dE^ dE 
0 " i = t i (2-2'12-c) 
where £" and /i^ are the free-space permittivity and permeability, and with a medium of an electric 
conductivity o and a magnetic conductivity o \ It is well known that if the following condition is satisfied, 
氺 
a a 
— = — (2.2.13) 
A ^0 
the wave impedance of the lossy free-space medium equals that of lossless vacuum and no reflection occurs 
when a plane wave propagates normally across the vacuum-medium interface. Such a medium has been 
used in the past but there was a problem of increasing reflection at oblique incident wave angles. 
We now define the PML medium in the TE case [4]. The trick is to break the magnetic 
component H^ into two subcomponents which we will denote as H ^ and H ^ , The four field 
components are then connected through the four following equations: 
dE^ d{H^-H^^) 
� ¥ � 3y 一 ） 
诬)’ d{H^-H^^) 
• 仏 = - a . (2.2.14.b) 
礼 * 泥、 
— • " 〜 二 - 工 (2.2.14.c) 
10 
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dHq * dE^ 
A o ~ t +。、，H,~^ (2.2.14.d) 
where the parameters fcr^ 0"/, Gy, Oy) are homogeneous electric and magnetic conductivities. We see that 
the PML formulation represents a generalization of normal physical media. If 
CJ^  = o")’ = a* 二 CT),* 二 0, (2.2.14) reduced to the Maxwell's equations of vacuum. If G^ 二 CT^  and 
a* 二 G* = 0 , (2.2.14) reduce to those of an electrically conductive medium. And if G^ 二 07^ and 
¢7 * = a :，(2.2.14) reduce to those of an absorbing medium that is impedance-matched for normally 
义 }' 
incident plane waves. In addition, if ¢7^ = 0 " / =0， the PML medium can absorb a plane wave 
( E y , H u ) propagating along x direction, but it does not absorb {E^,H^y) propagation along y 
direction. It is because in the first case，propagation is ruled by (2.2.14.b) and (2.2.14.c), and the second 
case is ruled by (2.2.14.a) and (2.2.14.d). The converse situation is true for waves ( E y , H ^ ) and 
术 氺 
(E^,H,y) if Cf^ = G* = 0 . These properties ofthe PML media (CT ,^CJ^ ,0,0) and (0,0,O"^,CJ^ ) 
are in close relationship with one another and will be proved later. That means, if their conductivities 
satisfy (2.2.13), at vacuum-PML interfaces normal to x and y, these two media have zero reflection of 
electromagnetic waves. 
B-1) Propagation of a Plane Wave in a PML Medium 
Now consider a sinusoidal plane wave propagating in a PML medium. Let the wave electric field 
amplitude be E<) and the vector form an angle 0 with respect to the y-axis ( Fig. 2.2 ). In addition, let 
Huo and H ^ o denote the magnitudes of the split magnetic field components, H ^ and H^^ ’ 
respectively. Then the four components of the field can be expressed as 
11 
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y 
令 
E , p 
W " K 
_ >K<^ > x 
F Hz 
^x 
Figure 2.2 The transverse electric problem 
E^ = -E^ sin 0 exp[jC7(r - OCx - py)] (2.2.15.a) 
Ey = E^ cos(^exp[jC7(r - ax - py)] (2.2.15.b) 
H^ = H^ exp[ jCJ(r - c a - py)] (2.2.15.c) 
Hq = H^ exp[7CJ(^ - a:x - py)] (2.2.15.d) 
where C7is the angular frequency, t is time, and a and p are complex propagation constants. Assuming that 
Eo is given, (2.2.15) involves four unknown quantities to be determined: a, /3, H^o and H^o- Substituting 
the propagation field expression of (2.2.15) into (2.2.14) yields the following set of equations connecting 
the four unknowns: 
e.E, sin^- J ^ E , sin0 = P(H^ + H^^,) (2.2.16.a) 
e„E, cos0 - j ^ E , cos0 二 oc(H^ + H^) (2.2.l6.b) 
氺 
M . ^ ^ o - J ^ ^ z . 0 = OCE, COS0 (2.2.16.c) 
氺 
flAyo — J^^zyO = 阳 0 s i n 0 (2.2.16.d) 
Obtaining H^o and H^o from (2.2.16.c) and (2.2.16.d) and bringing them respectively into (2.2.16.a) and 
(2.2.16.b) yields 
12 
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o"v ^ a c o s 0 Bsind � 
ue^ (1 - j — ) sin 0 二 P(-“^~7~^~ + 1 . ；^ (2.2.17.a) 
" “ �' m / ^ ^ i-jGjW|i^ x-jGyiW|i^ 
¢7, a c o s 0 i3sin0 � 
fA^ oSo (1 - j — ) COS0 = a - ~ r ^ ~ ~ + , . , : (2.2.i7.b) 
“ 舰 / l-jcJW|i^ 1 - 々 吼 
The system of (2.2.17.a) and (2.2.17.b) relates the unknowns a and P . This can be solved by writing the 
ratio (2.2.17.a) over (2.2.17.b) as: 
^ ^ ^ W C ^ (2 218) 
a c o s ^ 1 - j a ^ / tne^ 
Obtaining a ^ from (2.2.18) and (2.2.17.b) and p ^ from (2.2.18) and (2.2.17.a). This yields two sets 
( a , p ) of opposite signs for two opposite directions of propagation. Choosing the positive sign, we have: 
• £" 0-, 
a = � (1 — j ^ - ) cos 0 (2.2.19.a) 
G m/ ^ 
B 二 • & ( l - 7 - ) s i n 0 (2.2.19.b) ^ G m/ Y 
where 
G 二 yjw^ cos^ 中 + w^ sin^ 中 (2.2.20.a) 
1 - jG lm l - j a / m ^ 
w^ 二 ~ ~ ^ — — ^ ； Wv = - ~ ~ r 4 r — — (2.2.20.b) 
^ i - K _ « ‘ i - j o ^ i m o 
Now designate y/ as any component of the field, XJ/� i ts magnitude, and c the speed of light. With 
(2.2.15), (2.2.19) and (2.2.20), we can write 
• xcos0+vsin0, cr^  cos0 GySin0 
jw(t ^ ~ - ) ~~T7?r - P rCr ^ 
y/ = y/,e cG ^ v 。 ^ s,G (2.2.2i) 
The last two unknowns, H ^ ^ and H^ ,^^ ，can be obtained as functions of a and P from (2.2.16.c) and 
(2.2.16.d). Then enforcing the a and p values of (2.2.19) yields 
13 
Chapter 2: Background and Theories 
H ‘ E � ^ l w � (2.2.22.a) 
H � ’ � = E � ^ ~ ^ � i n � (2.2.22.b) 
Using (2.2.22.a), (2.2.22.b) and noting the result of (2.2.20.a), the sum of H^o and H^o is then 
H , = E , ^ G (2.2.23) 
and the ratio Z of the electric field magnitude to the magnetic field magnitude is 
|JT 1 
Z= — — (2.2.24) 
p o G 
Consider the possibility when both (a^, a*) and {Oy, c*) satisfy the condition (2.2.13), the quantities w ,^ w^ , 
and G in (2.2.20.a) and (2.2.20.b) equal unity at all frequencies. Furthermore, the expression of the wave 
components (2.2.21) and the wave impedance (2.2.24) become respectively, 
xcos¢+ys•m¢ _ ¥ _ g,in0 
yf 二 1 ^ 广 - ^ ^ 、 : ~ ^ i ¥ (2.2.25) 
Z 二 — (2.2.26) 
Po 
The first exponential of (2.2.25) shows that the wave phase propagates normally to the electric 
field with the speed of light c. The last two exponentials force the magnitude of the wave to decrease 
exponentially along x and y. Equation (2.2.26) shows that the wave impedance of the PML medium equals 
that of vacuum regardless of the angle of propagation. We see that the impedance matching condition of 
(2.2.13) for the normal TE medium of (2.2.12) is a matching condition for the PML medium as well. 
Differences lie only in the fact that in the case of PML media, two sets of conductivities must satisfy 
(2.2.13) (i.e.,both (¢7^,0-/) and (¢7),,0"/)). 
When looking at (2.2.21) or (2.2.25), in the general case (2.2.21), if a wave propagates along 
y, that is 中 = 9 0 ° , and if O")’ = CT)’* = 0 ’ then it is not absorbed. In the case of matched media (2.2.25), 
14 
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* 
if CT�’ = CJ)’ 二 0 the last exponential of (2.2.25) equals unity and the absorption is a function of x 
coordinate only. 
B-2) Transmission of a Wave through PML-PML Interfaces 
^ Interface 
PML{a^,, ¢ 7 , / , � ,c J ) / ) I PML{a^^, c7^ / , ^ y i , � * ) 
% ^ ^ 
；^: ^ I 
) K > ^ 
, x = 0 
Figure 2.3 Interface lying between two PML media 
Consider the case of two PML media separated by an interface normal to the x-axis in Fig. 2.3. 
Let 6^ and G: be the angles of the incident and transmitted electric fields E^ and E : with respect to the 
interface plane. As noted from (2.2.25), if the media are matched 9^ and 62 are also the angles that the 
phase propagation forms with the normal to the interface. As the 中 angle of a PML medium was defined 
with respect to the y-axis (Fig. 2.2), in the case of Fig. 2.3, we have 6 =伞 in each media. Assume the 
interface to be of infinite extent and the incident wave to be plane, then both the reflected and transmitted 
waves must be plane too and the ratios of these waves over the incident one must be without variation when 
moving on the interface. Therefore, for any component y/ of the incident and transmitted fields, and for 
two points A and B of the interface, we can write: 
15 
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• : 虛 (2.2.27) 
Vi(B) X|/M) 
Defining d as the distance between A and B, and G^，G^ as the quantities (2.2.20.a) of each media, with 
(2.2.21) we have: 
X|/. (B) = V|/j (A)e_jw(dsin ei /cGi)-(Oyi sin 9, /e�cGi )d ^2.2.28.a) 
V t ( B ) = "M^(A)e-jw(d_2/cG2)-�sine2/e�cG2)d ^2.2.28.b) 
Since (2.2.27) is true for any distance d, the exponential factors of (2.2.28) must be equal, thus 
( l _ j ^ ) ! ^ . ( l - j ^ ) ^ (2.2.29.a) 
£�05 Gi £�03 G^  
where 
G, = ^w^, cos' ^ + w# sin2 ^ for (k=l,2) (2.2.29.b) 
This relation connects the incident and transmitted angles, obeying the Snell-Descartes law at an interface 
normal to x, lying between two PML media. 
Now consider the incident, reflected and transmitted electric and magnetic fields 
E i , E r , E t , H i , H r , H t in Fig. 2.3. By the continuity of the field E^ and H ^ + H^^ lying in the 
interface yields the following set of equations: 
E. cos ^1 - E^ cos 0^ = E^ cos 9^ (2.2.30.a) 
H. + H” 二 Ht (2.2.30.b) 
Then, denote E"), E^^, E ^ as the magnitudes of £"•，E ,^ E^，and setting x=0 in the interface, with 
(2.2.21) and (2.2.24) we can write 
Ei = Ei�e—jw(ysineiZcGi)(i-i�/e�w))ejwt (2.2.31.a) 
Er = Er�e-jw(ysine"cGi)(l-i�/e�w))ejwt (2.2.31.b) 
Et = Et。e-jw(_e2/cG2)(i-i�/e�w))ejwt (2.2.3i.c) 
H. = E. /Z i，Hr = Er /Z i，Ht = E^ /Z^ (2.2.31.d) 
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As a result of the Snell_Descartes law (2.2.29), the three exponentials with space dependency in (2.2.31.a), 
(2.2.31.b) and (2.2.31.c) are equal. Thus, substituting E ^ , E ^ , E ^ , H i , H ^ , H ^ from (2.2.31) into 
(2.2.30), the equations becomes 
E.^ co s0 ! - Ero c o s 0 j 二 Eto cos02 (2.2.32.a) 
E. E E, 
2 + " ^ = 2 (2.2.32.b) 
Zi Zi z , 
Define the reflection factor as the ratio of - E^^ COS0! / £".^  COS0j, and then solving the set (2.2.32) for 
this ratio, the reflection factor r^ for the TE case is 
Z . cos09 - Z , cos0 , 
r„ 二 — (2.2.33) 
Z^ COS^2 + ^ 1 COS0J 
The formula for the transmission factor would be the same as usual, too. With (2.2.24), we can rewrite 
(2.2.33) as 
Gi cos02 -G^ cos0j 
厂 尸 = 7 ^ Z"77^ Z" ( 2 . 2 . 3 4 ) 
P Gj cos02 + G2 cos0j 
Let us consider an interface lying between media having the same Gy and cj/, that is, a (Oxi, c^i, Cy, o*) 
and a f0^2, 0^ 2*, Oy, Oy) media. Then from (2.2.29.a) 
sin 6. sin 6. 
- 7 r - = - p r - (2.2.35) 
^1 ^2 
Since the two media are matched ones, we also have Gj=G2=l. Hence (2.2.35) reduce to 
01=02 
and the reflection factor is then 
r , 0 
So, at an interface normal to x lying between two matched PML media having the same (cFy, a*), a plane is 
transmitted without reflection at any incidence angle and at any frequency. That is also true if the first 
medium is vacuum and the second one is afa^, a/, 0, 0) medium, since vacuum can be seen as a (0, 0, 0, 0) 
17 
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medium. In the case of unmatched media having the same (Oy, C7y*), a simple formula can be obtained for 
the factor (2.2.34). Bringing (2.2.35) into (2.2.34) yields 
s in0, cos6j - sin 6^ cosO, 
r 二 (2.2.36) 
s i n 0 j cos02 + s i n ^ 2 c o s ^ i 
Then, taking the square of (2.2.35) and replacing G^ and G : by (2.2.29.b). Taking into account that 
W)’i = w),2，we can derive: 
扣叉2 sin ^ 1 cos 62 = 7 ^ sin 6^ cos 6^ (2.2.37) 
By (2.2.36) and (2.2.37), 
^ f ^ - ^ ^ ^ 
� = V ^ r ^ (2.2.38) 
V^xl +V^x2 
Formula (2.2.38) demonstrate that even if the media are not matched ones, the reflection does not 
depend on the incident angle 6^. It depends only on the frequency through (2.2.20.b) and in the case of 
matched media, W j^ = VV^2 — 1 and (2.2.38) reduces to r^ = 0 as expected. 
B-3) PML for the FD-TD technique in 2-D domain 
PML(G^,, CT:,CJ", CT;) PML(0,0,G^,, CJ:) PML(a^,, a : , a”，d;) 
^ i \\ P^ "^^t^ l^^^^l^ves 
c ....--v^ um--.... B Z 
...••••••• , z 
,*• .... .... .'., ^ ^ 
PML(�,CT,, * ,0,0) //�..:-::..’•":,.••..^>x\V * 
\ , / / / 7 ^ � \ ” PML^,,cx,, 0,0) 
^ \ i l ： source； | 1 Z 
1 \ �\ \ \ \ . , … " / " ^ ^ 
t z 
\\.: > V z 
•••：.. 
D '• A  
I ~ ~ - ^ ^ 1 , 1 " ^ - ( C ^ , 2 ‘ � C 0 
PML{a,.a;,a^,,G；) PML(0,0,G^„a^：) 
Figure 2.4 The PML technique 
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The general frame of the PML technique is shown in Fig. 2.4. The Maxwell equations are 
solved by the FD-TD method inside a computational domain where we have the source of outgoing wave. 
The computational domain is surrounded by an absorbing layer, which is the PML. At both the left and 
right sides of the computational domain, the absorbing layers are matched PML (Ox, (j/，0，0) media. So , 
at the interfaces AB and CD normal to the x-axis, the reflection factor is theoretically zero, which has been 
proved. Similarly, matched PML (0’ 0, Cy, dy*) media are used on both upper and lower sides of the 
computational domain, thus the outgoing waves can propagate without reflection through BC and AD 
normal to y. At the four corners, the absorbing layer are made of PML (ax, a^*, Cy, Oy*) media having 
conductivities equal to those of the adjacent (Ox, c^\ 0, 0) and (0，0, dy，Cy*) media. As a result, there is no 
reflection at the interfaces lying between the side layers and the corner layers. 
In the absorbing layer, the magnitude of a wave is enfored by the last two exponential 
factors of (2.2.25). At a distance p of any interface, the magnitude of an outgoing wave can be written as 
y/(p) 二 yme-2—eMP (2.2.39) 
where 0 is the incident angle and a is either a^ or Cy. After crossing the layer, a wave is reflected 
completely by the PEC and propagates back to the domain. Hence, for a PML layer of thickness d, the 
apparent reflection factor is then 
R{6)=它-2(随一谷 (2.2.40) 
As (2.2.40) points out, the apparent reflection is a function of the product <jd . Therefore, for a giver layer 
attenuation, S can be as thin as possible, for example, one cell of the FDTD mesh. However, it will bring 
out a sharp variations of conductivity and cause numerical reflections. So, in practical computations, the 
layer has to be a few cells thick with conductivity increasing from zero at the vacuum-layer interface to a 
value <Jm at the outer side of the layer. For a conductivity G(p) the reflection factor is then 
0-( /^)=CTmax(p/^)" (2.2.41) 
where n is the grading order of the conductivity in the PML layer and p is the distance measured from the 
PML-air interface. Then the apparent reflection factor in (2.2.40) becomes 
R ( Q ) 二 g - ( 2 / ( " + l ) ) ( c T ^ 5 / £ o C ) c o s 0 ( 2 2 4 2 ) 
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which reduces to a key user-defined parameter 
R{0) = -^(2/(«+i))(cT,„..5/£„c) (2.2.43) 
While R=1 for grazing incidence, this has not been a problem since such a wave is near normal on the 
perpendicular PML boundaries and is absorbed. 
Numerical implementation of the PML layer in the FD-TD technique are considered next, 
Fig. 2.5 is the upper-right part of a gridded computational domain. In the inner volume (I<IL and J<JL) the 
finite-difference equations are the usual discretizations of the Maxwell equations. In the PML medium, the 
two 
I 1 flflflflfM +A 
•:1::馆擔摅燉獄伞& 
J — JL “ *"*^ ~ I^j^I^j!^I^j^J^^j^P^^^ ^^ ^z 
-AiAllilM • 〜 ， 〜 
"9 9tttfTfT 
•川川^rrri 
I > - •：. 
t r w N 
p . , V ^ ^ - y . : ; - J 
• ^ I = IL 
Figure 2.5 Upper-right part of the FD-TD grid 
20 
Chapter 2: Background and Theories 
magnetic subcomponents { H ^ , H^^,) are computed at the same points, in place of the magnetic 
component H^ • Discretization of (2.2.14.b) and (2.2.14.c) yield the following equations: 
, /1 _ -^<^x(OAf/eo N 
E/+1 (/，j + 1 / 2) = e-J“ '‘)A"€�E； (/, j + 1 / 2) - ^ )-
cr^  (i)Ax 
4 付 : 1 " ( / + 1/2，7 + 1/幻 + //。广+"2(/ + 1/2，7 + 1/幻 (2.2.44.a) 
- B ^ ' ' ' ' ' ( i - l / 2 , J + l / 2 ) - N / ' ' ' ' ( i - l / 2 , j + l / 2 ) ] 
/ 7 Z + " 2 ( / + l / 2 , 7 + l / 2 ) = r6 '+"2)A""<^j^^a"-"2( / + l/2,_y + l / 2 ) 
n — e - < y : m _ i k o ) (2.2.44.b) 
- � * , . ” � �• ^ x [ ^ ; a + l , j + l / 2 ) - ^ ; ( / , 7 + l / 2 ) ] 
cr^  (/ + l/2)Ax y ^ 
* 
where C7^  and (T^ are functions of x(I) in the left, right and corner layer, and are equal to zero in 
vacuum. For the E^ component lying in the interface, the magnetic field has one component H ^ , H ^ ^ 
on the other. As a result, H ^ and H^^ are present in the inner volume where they merge, since 
* * 
CJ^  = CJ^ , . So, the finite difference equations have to be modified, (2.2.44.a) becomes 
/1 _ -aj^(il)At/eg� 
E / + i ( / / , j + 1 / 2) = e - _ ^ o E" (ii, j + 1 / 2) - A i Z f 1 
cr^ (il)Ax 
4 i ^ : i ' 2 ( / / + l / l j + l / 2 ) + ^ : i Z 2 ( / / + l / i y + l / 2 ) (2.2.45) 
- i / / + " 2 ( / / - l / 2 J + l / 2 ) ] 
The discretized equation needed for the advance of the components E^ and H^^ are obtained from the 
remaining equation (2.2.14.a) and (2.2.14.d). That yields three equations similar to (2.2.43) and (2.2.45). 
21 
Chapter 2: Background and Theories 
C) Extension to Three Dimension Case 
In three dimensions, all six Cartesian field vector components are splitted, and the resulting PML 
modification ofMaxwell's equations yields 12 equations, as follows: 
胞 巧 . ^ 收 + 五 ^  
“ “ ~ ^ + ^y^xy = ^ (2.2.46.a) 
礼 * 口 邮 3 > , +〜 )  
^o ~ ^ + ¢ .^丑双 二 ~ " 、如 (2.2.46.b) 
dHy, . ^ d(E,,^EJ 
^o - ^ + 乂 付只= ^ (2.2.46.c) 
礼 d(E^^E^^) 
l^ o ~ ^ + ^^ x Hyx = ^ (2.2.46.d) 
礼 * ^  鄉 )’ , +〜 
^o j + ¢^. H ^ = (2.2.46.e) 
胞巧 * " d(E.,^EJ 
凡 ~ ^ + S � = ^ (2.2.46.f) 
dExy ^ d{H^+H^^) 
。 丁 + ^3 五砂 二 ^ (2-2.46.g) 
dExi ^ d(Hy.+H^^) 
^0 ~ ^ + ¢ .^ ^xz = ^ (2.2.46.h) 
dEy, d(H^y^HJ 
^0 ~ ^ + Jz Eyz = ^ (2.2.46.i) 
dEyx ^ d(H^+H^y) 
& I + 仏 = - ~ ^ ^ ~ ~ ( 2瑪） 
dE^ ^ 鄉 只 + 〜 ) 
e - ^ a ^ E ^ ^ ^ “ S “ ^ (2.2.46-k) 
泥 . … ^ y + H J  
£ o j + CT)A)’ = ^ (2.2.46.1) 
PML matching conditions and grid structure analogous to the TE and TM cases are utilized 
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Validation of 3-D PML was carried out numerically in [5] and proven theoretically in [6]. 
Using a slightly different notation in [6], we have in three-dimensional domain: 
a = ^ ^ ( l - j ^ ) k ^ (2.2.47.a) 
G CO£o 
"=辱 (1一存)、 （2.2.47.b) 
G C0£o ‘ 
7 = 学 ( 1 - 洽 ) 〜 (2.2.47.0) 
Cr COSo 
where 
G = ^w^k/+w^k/+w^k^^ (2.2.48) 
and (kx, ky, kJ is the propagation direction in non PML-media and (w^, Wy, wJ are those in (2.2.20.b). 
It was proven that if the same matching condition in (2.2.13) is satisfied, there is little reflection at 
the PML computational boundary regardless of the incoming wave angles at any frequency. When the 
wave propagates through a PML-PML interface, by considering the wave components on the xy-plane and 
xz-plane separately, we will have the following Snell-Descartes law at an interface normal to x (which is 
similar to (2.2.29.a)), that is, the jz-plane. 
(^yi sin0, c^2 sin6. 
(1 - 7 7 ^ ) ^ = (1 - 7 7 ^ ) ^ (2.2.49.a) 
^o^ Gl ^o^ G2 
,1 G, sinCi G7, sinC 
(1 - ) 7 ^ 7 ) ? : (1 — rf)^ (2.2.49.b) 
明 Gi ^o^ G^ 
where 
( ^ i = ^ J ^ x i K i ' + ^ y i k y ' + w ^ . k ^ . ' for(i=l ,2) (2.2.50) 
a n d � i s the angle that the phase propagation forms with respect to the z-axis. 
Using similar arguments as in the previous section, if a wave propagates through an interface lying 
between media (a,；, cr,；*, a),，O"/，cr^, a / j and (0^ ,2, o J , Gy, 0"/, ¢^ cr/)，then (2.2.49) becomes 
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sin 6, sin 6. 
- 7 ^ = - p 7 - (2.2.51.a) 
^1 ^2 
sin Ci sin C 
" 7 7 ^ = " 7 T ^ (2.2.51.b) 
^1 。2 
Since we have matched PML media, G1=G2 and hence 6j = 62 and ；^ = ;2 which in turn implies f=0 and 
hence no reflection. 
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2.2.3 Modeling of Source and Passive Lumped-Circuit. 
In this section, we describe methods needed for FD-TD cells containing different dielectrics, and of devices 
with lumped elements connected across multiple FD-TD cell [7]. First, we derive the FD-TD equations 
from the integral form ofMaxwell's equations 
r r dH �E*dl = — n dS (2.2.61.a) 
c 改 
» /» * ^J7 
^H. dl = \ J . dS + \ s — • dS (2.2.61.b) 
c s s 次 
by evaluating the integrals on the Yee's lattice, Fig. 2.7 shows how to include a lumped-element across 
multiple cells. In the above equations, the H • dl term on each leg of the contour of integration 
corresponds to a loop of current circulating around the H according to right-hand rule. For example, in Fig. 
2.7 a loop current around H^ . jj^  along the path mnopm. On the other hand, the right hand side of 
(2.2.61.b) is equal to the total convection and conduction current (the 1^  term) plus the displacement current 
(the 2"^term) through the surface S and is equal to the total current (the left-hand side of (2.2.61.b)). 
• ^  
a d\ 
^ ^  ^y,i+lJ+l,k ^ ^ f ^ I 1^ 
y 0 . - T i K 
^ u ^y,i+hj,k J^x,i+lj,k ! J, • 
• � ’ j ’ i^ ^ ： ^ 1 ^ •• 
_ ^ ^.MlJM^l " 讽 叫 A 
^ ^ x % ^ /.trv^ 
Z i k ^y,i+lJ,k-l i L ^ J i 
_ _ , _ U d _ _ 
Figure 2.7 Resistive voltage source across multiple cell 
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Therefore, to include the lumped-element model into the FD-TD equations, the current — /^ in Fig. 2.7 
should be added to the left-hand side of (2.2.61.b) to give: 
• ^E 
oH.dl-Ic= J'dS+ e—dS (2.2.62) 
*‘ *‘ J Hf c s s … 
In Fig. 2.7, assuming the circuit occupy zero volume in FD-TD space, evaluate around a path across the 
lumped element circuit (abcda in Fig. 2.7): 
K = - ( ^ . , m , ; > u + Ey,�AM + ^..>1,;-U )¾^ (2.2.63) 
Relate V^ to /^ for the particular lumped element circuit being modeled, gives 7^ = (V^ —V^)/ R^ 
(similar relations may be derived for other circuits). Substitute (2.2.63) into this relation and then substitute 
that result into (2.2.62) and integrating gives: 
(H:ij,k - Hli+lj,k )& + (^ li+lJMl -^li+lJ,k)^^ 
V�. + ^^y,M,m,k^ ,^n+l + ^n ) c 
m^j ^^y,i+X,],k ^y,i+l,],k ^^J 
^ ^ 
‘1 o o ‘ (2.2.64) 
— J(E:，M+E;"+i，M)&& 
2 
£(£"+上1 . , - E " . ; i .,)bx8z 
+ ^ y,i+l,j,k ^y,i+l,j,k J^^^<-
dt 
where 5t is the time increment, Sx,Sy,Sz are the cell sizes, time derivatives have been approximated by 
a forward finite difference and the 五力+i 人九-terms have been time averaged, but not the other E^ terms. 
The first term on the right hand side is the time average of J = oE, and the second term is derived from 
the dE/dt term. Solving the value of E^ from (2.2.64) gives: 
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e a 5y 
J t ~ ^ ~ l R M z ^ n 
h)’’/+i’.M 一 g ^ gy ^y,i+lj,k 
Jt^~2^2R^SxSz 
( £ + |五 ;， _ )办   
^ ^ (2.2.65) 
(冬+ £ + _ ^ 风 秘 
6t 2 2R^dx6z 
I (^liJ,k - ^z,i+lJ,k )& + (Hli+i,jMl — H:Mj,k )& 
,e c 5y �e ^ 
(—+ — + ——^) 5x5z 
St 2 2R^Sx5z 
Equation (2.2.65) is for multiple Yee's lattice with resistive voltage source. In order to model a resistor 
which extends across multiple of cells, the same update equation can be used by setting V^ = 0 (i.e. there 
is no voltage source). 
2.2.4 Obtaining the frequency dependent parameters. 
FD-TD provides full-vector E and H field distributions in time and space. To convert these 
distribution to transient voltage and current, the following can be used: 
V ( t , X i ) = - [ E ( t , X i ) - d l (2.2.66.a) 
Cv 
• 
I(t, X.) = J H(t, X.) • dl (2.2.66.b) 
C/ 
where Cy is a distance extending from a defined voltage reference point (the ground plane) to the circuit at 
location x,- and the contour C/ wraps completely around the current carrying conductor in the transverse 
plane following the right right hand rule. After the transient results such as voltage and current are 
obtained by the FD-TD method, the frequency dependent scattering matrix coefficients are easily 
calculated [8]. 
[ V r = [S][V] (2.2.67) 
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where [V]^, V ‘ are the reflected and incident voltages, and [S\ is the scattering matrix. As an example, 
when obtain the scattering parameter S^^{w) , the incident and reflected voltages must be know. The FD-
TD simulation calculates the sum of incident and reflected voltages. The incident voltage is obtained by 
recording the voltage at the reference position (e.g. antenna feed position) of a long extent of microstrip 
line, This incident voltage may now be subtracted from the incident plus reflected voltage to yield the 
reflected voltage. Then, the scattering parameters, Sj,^ (w) , may then be obtained by simple Fourier 
transform of these transient voltage and then dividing them: 
F{V.(t)} 
S,, ( W ) 二 ——-—— (2.2.68) 
jk F{V,{t)] 
One thing should bear in mind that the reference planes must be chosen with enough distance from the 
circuit discontinuities to avoid evanescent waves. 
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2.2.5 Time Domain Extrapolation 
In order to satisfy the numerical stability considerations, the time step is bound to space step by 
the Courant Stability Criterion. Thus, it is very common to run FD-TD simulations for tens of thousands of 
time steps in order to fully generate the impulse responses needed to calculate impedances, S-parameters, 
etc. A simply way to reduce the burden of lengthy FD-TD simulations is to truncate a run before the 
impulse response has fully evolved. However, this truncation will affect the true time-domain response 
through a rectangular window of duration T = N ^ A t . In frequency domain, this windowing is 
translated into the convolution of the true spectrum with the function s i n ( / ) / / . This convolution 
widens the peaks in the spectral response, causes other distortions and can mask weak spectral signatures. 
Recently, there has been significant progress in addressing this problem. The most useful approach has 
been to apply contemporary analysis techniques from the discipline of digital signal processing and 
spectrum estimation, such as the Prony's Method. 
Prony's Method 
Prony's Method [8] has been used to extrapolate FD-TD computed waveforms for microwave 
circuits by a number of investigators. Since it is a technique for modeling sampled data as a linear 
combination of complex exponentials and the estimation is based on the least squares linear prediction 
method, it is particularly suitable for calculating the resonant frequency and Q of a resonating structure. 
Assume there exists of N equally spaced time samples of the FD-TD computed impulse response 
of a reflected field component f at observation point (i, j, k): 
r r \M >M+N-l \ _ r \M r tM+l r iM+2 r iM+N-l ,^ _ ^„. 
W U,.i,k / - J \i’j’k,J�j，k,J l/’./，fc ,……/ hj,k (2.2.69) 
These samples arejust like an observation window that begins at time step M and ends at time step M+N-1. 
The {f} is also obtained by decimating the actual FD-TD data record at point (i, j, k) by a factor of 10 or 
greater. Now let the time sample {f} be approximated by a sum of p exponentials: 
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p 
f \n 二 ^  厂（a,+./2 )^("-M)Af 
J i,j,k~ ^^t*^ 
r=l 
= t c ^ M ) = t c � ( U � r - M (2.2.70) 
t^i t=i 
where 0 < n — M < N — 1, C； is the complex valued amplitude of the 1 th mode, A, = (OC! + j2jtf^ )At 
specifies the modal damping factor and frequency of the 1 th mode, and p is the order of the model. The 
solution of (2.2,70) is based on Prony's method and this is a two-step procedure, which solves two 
sequential sets of linear equations with an intermediate polynomial rooting step. The first step is to set up 
N-p equations for the p values of A,: 
f o +A/ |二—1 +Af i-^r +.......+�/ c-.-o 
f ^ T +A/1"7 +A/ C7 +.......+V 丨二二0 
f ^ ; r + A / ^ ; r + 4 / ^ ; r + . . . . . . . + v 丨：〜。（ 2 . 2 . 7 1 ) 
Then this system of equations is solved by least-squares algorithm for the {A^}. This permits the {u^} to 
be found as the roots of the polynomial: 
u^ +4¾^"^ +A2M^"^+ + A^_jM + A^ = 0 (2.2.72) 
In the second step, we can find the {C,} in (2.2.70) and this is done by writing out (2.2.70) for each of the 
time samples, thereby obtaining a set of N equations in the p values of the Q : 
Q + Q + " … … + c " = / i : 
u,C, + M 2 Q + + W p C " = / l = 
^ ) ^ Q + K ) ^ Q + … … “ + ( " 凡 = / 丨 二 2 
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^ r ^ Q + ( ^ 2 f ' ^ Q + . . . . . . . . + ( � �= n Z T ' (2.2.73) 
Similarly, this overdetermined system is solved by least-squares algorithm for the {C^}. Thus all the 
parameters in (2.2.70) are known, and it becomes very easy to calculate the complete estimated impulse 
response at times n » M + N — 1 until it decays to zero. In addition, FFT can provide the magnitude 
and phase ofthe frequency domain transfer function with no windowing artifacts. 
Let's take an example to demonstrate that the required long FD-TD time record can be obtain from 
a relatively short FD-TD time record by using Prony's method. A relatively short FD-TD time record of 
4000 iterations is shown in Fig. 2.8a which is obtained at the input of a 3dB directional coupler. On the 
other hand, in Fig. 2.8b, a window of 1000 iterations is sampled at every 20 iterations and extrapolated 
until the impulse response decay to zero. 
Voltage at 3dB directional coupler 
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^ o o '  
0 500 1000 1500 2000 2500 3000 3500 4000 
Iterations 
Figure 2.8a FD-TD time record of 4000 iterations 
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Figure 2.8b Curve tltting by Frony's method in a window of 1000 iterations 
Fig 2.8c shows the comparison between the waveform extrapolated by the Prony's method and the direct 
FD-TD waveform. The result shows that by using Prony's method the peak in the S-parameter has been 
sharpened by including the late time transient waveform in the Fourier transform Computation. 
Magnitude ofS11 parameter, Wue-fdtd, red-prony+fdtd 
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Figure 2.8c Comparison between truncated FD-TD and Prony's method 
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2.2.6 Near-to-Far-Field Transformation 
Surface equivalence theorem - the fields outside an imaginary closed surface are obtained by 
placing over the closed surface suitable equivalent electric and magnetic current densities that satisfy the 
boundary conditions. The current densities are selected so that the fields inside the closed surface are zero 
and outside are equal to the radiation produced by the actual sources. Thus, the technique can be used to 
obtain the fields radiated outside a closed surface by sources enclosed within it. The formulation is exact 
but requires integration over the closed surface. The degree of accuracy depends on the knowledge of the 
tangential components of the fields over the closed surface. 
Using the surface equivalence theorem, the near-to-far-field transformation can be extended to 
FD-TD modeling of three-dimensional scatterers and antennas in a straightforward manner. Here the 
virtual surface is a six-sided rectangular locus S that completely encloses the structure of interest in the 
scattered-field zone of the FD-TD lattice. Along each surface S of the cube, we have the following electric 
and magnetic currents flowing tangential along S: 
— A ~> 
Js =nxH (2.2.74.a) 
— A — 
Ms =-nxE (2.2.74.b) 
Then these equivalent currents are integrated with the free-space Green's function weighting to obtain far-
field quantities: 
cr n . . ~ e-肿 U e_jkr 二 
A = ^ 人 ds = ^ — — N (2.2.75.a) 
4;r" � R Anrr 
~ £ - -〜 e : j k R £ e_jkr ~ 
F 二 7 ^ M� ’ - ^ d s = ^ — — L (2.2.75.b) 
47C J/ ‘ R 4mr 
where 
^ = J * p y ^ s v ^ & (2.2.76.a) 
s 
i = \ \ k ^ e ^ ' ' ' ' ' ' ^ d s (2.2.76.b) 
V v s 
r = rr = position of observation point (x, y, z) (2.2.76.c) 
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r' = r' r' = position of source point on S (x'，y', z') (2.2.76.d) 
R = RR = r - F (2.2.76.e) 
y/ = angle between r and f' (2.2.76.f) 
and R is given by the law of cosines in the far field as 
R = [r^+(r^y - 2 " , c o s y / f " 
r - r' cos y/ for phase variations 
= ] r r , . . +. (2.2.76.g) r for amplitude variations 
Note that (2.2.75.a) and (2.2.75.b) have used the approximation in (2.2.76.g). For the far-field observation, 
we have the following simplification for the E fields: 
~ ~ 二 jke—j^ 二 ~ 
Ee ^ - j C O - ( A , + r ] , F ) = - ^ ^ ( L + r | , N , ) (2.2.77.a) 
47tr 
二 二 ~ jke_jkr ~ ~ 
E ^ ^ - j C 0 ' ( A - n ^ F , ) = ^ ^ ( L , - r | , N ^ ) (2.2.77.b) 
47Ur 
where 7]^  = • " " / £^ is the intrinsic impedance of free space. The radial field component is neglected 
owing to its small amplitude compared to 6 and 0 components. Now define 
~ je_jkr 二 
W = - ~ ~ N (2.2.78.a) 
2 V 
二 je_jkr ~ 
U =—~L (2.2.78.b) 
2 V 
where k — 2n / 儿。.Then we can rewrite (2.2.77.a) and (2.2.77.b) more simply as 
^ e = - V o ^ 9 - U ^ (2.2.79.a) 
E ^ = - ^ o % ^ ^ e (2.2.79.b) 
We now apply the inverse Fourier transformation to each term in (2.2.78.a) and (2.2.78.b) using the 
definitions of (2.2.76.a) and (2.2.76.b), we yield the following time-domain relations 
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- 1 d rr — r - r ' » r 
W(r,t)=- —[ J ( t - )ds] (2.2.80.a) 
4mrc ot ^^ c 
— 1 d ff — r - r ' * f 
U ( f , t ) = - —[ M ( t - )ds] (2.2.80.b) 
47Trrc dt ^^ c 
In addition, by using the inverse Fourier transformation of (2.2.79.a) and (2.2.79.b) yields 
Ee ( r , t) = -ri^W, ( r , t) - U^ (r, t) (2.2.81 .a) 
E^{r,t)三-ri^W^(F,t) + U,(r,t) (2.2.81 .b) 
The equations of (2.2.80) and (2.2.81) form the basic time-domain near-to-far-field transformation. The 
— ~ > 
argument of vector potential Js and Ms in (2.2.80) implies a time delay r between the appearance of 
magnetic and electric fields on virtual surface S and their impact upon the far-field vector potentials W and 
U: 
{r-r* r) 
T 二 (2.2.82) c 
Actually, this time delay is precisely the propagation delay of an electromagnetic wave in free space over 
— ~ > 
the distance R between the source point r ’ on S and the far-field observation point r . 
A) FD-TD implementation of Near-to-Far-Field Transformation 
We now implement the equation (2.2.80) and (2.2.81) in the context of the FD-TD method. The 
overall strategy is to evaluate the integrals of (2.2.80.a) and (2.2.80.b) in Cartesian coordinates along the 
six planar faces of S at each time step, thus obtaining the Cartesian components of the incremental values 
of W and U at each cell of each face at that time step. For simplicity of the implementation, cubical cells 
(Ax = Ay = Az = A) and the Courant limit At = A/2c is used. To illustrate the core of the process, consider 
Surface 4 in Fig. 2.6. We have in the following magnetic current, 
M^Z = E^Z (2.2.83) 
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— A A A 
flowing within a rectangular patch AxAz located at r ' = ( x ' x + y^ J + z'z) on the surface 4 ( y = +3^�) . 
From (2.2.80.b), this magnetic current yields the following additive increment to U(r,t)'. 
- . 1 d 
^ " = • 尸 ^ ^ 3 ( 似 2 均 
AxAz d . (2.2.84) 
= - ~ i C M ) 
Anrc dt ^ 
This increment contributes to U(r,t) after the time delay T of (2.2.82) expressed as the following fractional 
number of time step: 
T r - r ' « f 
f = — = — — : ~ ~ (2.2.85) 
Af C^t 
we have 
f =2[<i — (x’sin0cos(/) + / s i n 0 s i n 0 + z ’cos0) ] (2.2.86) 
where T = [r — (X X + y y + Z £) • (sin 6 cos 0x + sin 6 sin ¢^ + c 0 s 6 z ) ] / c and r = dA defines 
the far-field distance {d > 2D^ / X ) . 
Assuming a second-order accurate central-difference realization of the time derivative of (2.2.84) 
evaluated at the half time-step point, n + V2, and assuming standard FD-TD notation, with (2.2.85) we have 
the following recursive sum: 
K I ^ / 2 + / = %|; , i /2+/ + ^ ^ ^ ( ^ j - i _ ^ j ; _ , ) (2.2.87) 
We see that (2.2.87) conveys the full meaning of (2.2.80.b) in that the time derivative of the magnetic 
current on the elemental surface patch at time step n+1/2 appears in the far-field vector potential after a 
delay of f time steps. The recursive sum notation appear in (2.2.87) shows that magnetic current flowing 
on other patches on S, not necessarily at the same time step, can also provide a contribution of U^ \n+\i2+f 
r 
that must be summed immediately after they are obtain in the normal FD-TD time-stepping. 
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Since the delay f is in general a decimal fraction and U^ is a finite array, a linear interpolation 
approach is used to apportion the delayed value to the two discrete values of U^  that lie to either side in 
time. Let 
nn = INT(n + Vi +f) (2.2.88.a) 
where INT is a function that extracts the greatest integer in the argument. Then 
a = (n + V2 +f) - nn (2.2.88.b) 
is the fractional time step (0 <a <1) between the true time location of the delayed increment and the U^ 
sample f/J"" that occurs just before, and (1 - a) is the fractional time step between the true time location of 
the delayed increment and the U^  sample “广+! that occurs just after. Then we have the following 
apportionment for the running sum: 
t / / , 二 " � : ? + ( 1 - 力 ^ ( 五 � ; 1 - 五 ；) (2.2.89.a) 
C / j r + i = ^ j r ' + M ^ ^ ( ^ i f - ^ J r ) (2.2.89.b) 
Implementing (2.2.89) for each surface patch on S for each time step of the FD-TD modeling run 
completes the process of evaluating the U^  integral of (2.2.80.b). One thing is to ensure that M, the total 
number of time value storage locations assigned to the U^ I" array, sufficiently exceeds NMAX, the 
r 
number of time steps in the FD-TD run. To allow for delayed contribution arriving from all parts of S at 
the conclusion of time stepping, let the maximum distance between any tow points on S is 5"A and the time 
step relation 2cAt 二 A is used, it is enough to set: 
M=NMAX+2s (2.2.90) 
to ensure that there are enough storage locations in the U^ I" array. 
r 
The Ujc and Uy can be implemented in an analogous manner, as well as those three components of 
W(r,t). However, since the H and E fields in FD-TD are shifted in time by one-half time step, we have 
some slight modification for W(r,t). For W^ in Surface 4, we have 
Wz ir^=w^ ir^ - ~ ^ ^ ( ^ ^ \f -H^ 1厂"2) (2.2.91) 
471. rcAt 
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The time interpolation factors are now 
nn = INT(n +f) (2.2.92.a) 
a = (n +f)-nn (2.2.92.b) 
Thus, the apportionment for the running sum: 
W, lT = W^ l;" - ( 1 - ^ ) ^ ^ ( H ^ \ f ^ ' - H ^ 1广"） （2 . 2 . 9 3 . a ) 
4n:. rcAt 
W l^i = Wz 1广1 -(a) ^ ^ {H^ 1广" - H ^ 1厂"2) (2.2.93.b) 
An • rcA^ 
Upon completion of the filling of these arrays, the following rectangular-to-spherical vector component 
conversion is performed: 
W^ {r,t) = W^ (r, t) cos 6 cos 0 + W^ (r, t) cos0sin 伞 一 W^ (r, t) sin 6 (2.2.94.a) 
W^ (r,t) = -W^ (r, t) sin 0 + W^ (r, t) cos 0 (2.2.94.b) 
Ug(r,t) = U^(r,t)cos6cos0 + U^(F,t)cosGsin伞-U^(r,t)sin0 (2.2.94.c) 
U^ (r, t) = -U^ (r, t) sin 中 + U�(r, 0 cos 中 (2.2.94.d) 
The time waveforms of the vector potentials of (2.2.94) are substituted into (2.2.81) to directly obtain the 
~ > 
electric field at the observation point r in the far zone. 
B) Numerical Techniques to compute the Antenna Directivity 
For most practical antennas, their radiation patterns are so complex that closed form mathematical 
expressions are not available. Even in those cases where expression are available, their form is so complex 
that integration to find the radiated power, required to compute the directivity, cannot be performed. With 
the high-speed computer systems, the answer may be to apply numerical methods. 
Let us assume that the radiation intensity of a given antenna is separable: 
U ^ B J { G ) g { ^ ) (2.2.95) 
where B � i s a constant. The directivity for such a system is given by: 
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^nU^^^ 
D = 匪 (2.2.96.a) 
Kacl 
2n K 
Where P,,, =B^ {{{f(e)g(^)sm6]d^ (2.2.96.b) 
V V 
0 0 
If the integration in (2.2.96.b) cannot be performed analytically, then from integral calculus we can write a 
series approximation: 
j f (6) sin 6dG = ^ [ / ( 6 . ) sin 6, ]A6. (2.2.97) 
0 '=1 
For N uniform divisions over the 71 interval: 
A0. = — and 0 二 / ( 1)， I=I,2,3,....,N (2.2.98) 
N N 
Thus, from (2.2.97) and (2.2.98) we can write (2.2.96.b) as: 
7T l K M N 
p - = Bo ( - ) ( - ) X ^ ( 0 . / ) [ Z / ( ^ / ) sin 0, ]} (2.2.99.a) 
似 1、 7=1 1=1 
rewrite (2.2.99.a) as: 
jr 27T N M 
P - = B o j ^ i U ^ m , ^ j ) - i (2.2.99.b) 
where F(G , ^ ) = f ( 0 • ) . 
The radiation intensity is also related to the far-zone electric field of an antenna by: 
U ( 6 , ^ ) = B o F ( e , ^ ) = ^ [ 1 E , ( 0 , 0 ) |2 +1 E^ (64)丨2] (2.2.100) 
2r| ^ 
By using (2.2.96.a) and (2.2.99.b): 
47r-max([/(0.,0.)) 
D = ^ 冗 ^ - N M (2.2.101) 
1 竺 文 文 
'M N r ； J 
In equation (2.2.100), we can obtain Eg and E^ by the farfield simulation. The directivity is calculated by 
post-processing the far-field radiation data. 
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2.3 Transmission Line Circuit Theories 
2.3.1 Stripline 
Stripline is a planar type of a transmission line, the geometry of a stripline is shown in Fig. 2.9. A 
thin conducting strip of width W is centered between two wide conducting ground planes of separation b, 
and the entire region is filled by a dielectric material. It mainly supports TEM wave like parallel plate 
guide and coaxial lines, however, it can also support higher order TM and TE modes, but these are mostly 
avoided in practice. The velocity of a TEM mode is: 
Vp = W " ^ f r = c / ^ (2.3.1) 
so the propagation constant is: 
P = — = W " A ~ = K V ^ (2.3.2) 
^p 
The characteristic impedance is: 
^ 30;r b 
Z„ = - f = (2.3.3.a) 
V ^ W , + 0 . 4 4 1 Z 7 
where W^ is the effective width of the center conductor, 
w w w 
^ =——0 for->0.35 (2.3.3.b) 
b b b 
W w , w 
^ =——{Q35-W!bf for-<035 (2.3.3.c) 
b b b 
A 
A ‘ 
a ^mm^mm b 
i^r Strip 
^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ p^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^ ^^  ^ ^^ ^^ ^^ s^ 
I^IBBM^^^^^MI^^^HI^^^^^^L^^M 
Ground 
Figure 2.9 Geometry of Stripline transmission line 
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hi order to design stripline circuits, one has to fmd the strip width given a certain characteristic impedance 
(height b and permittivity S^), we can rearrange the equation (2.3.3.b): 
W I ~ 
— = j c f o r J s Zo < 120 (2.3.4.a) 
b � 
— = 0 . 8 5 一 y|0.6-x forJ7~Zo > 120 (2.3.4.b) 
b V 
30^^ 
where x = -j=S~-0.441 (2.3.4.c) 
如 入 
FDTD Simulation ofStripline 
As mentioned above, the stripline mainly support TEM wave, but it also supports higher order TM 
and TE modes. These high order modes can be suppressed with shorting screws between the ground planes 
and by restricting the ground plane spacing to less than Z / 4 . Here the effect of shorting screw is 
demonstrated by using FD-TD method. Fig. 2.9a show the FD-TD computation domain of the stripline. 
Simulation of this circuit involves the straightforward application of the finite-difference equations, 
resistive voltage source at the input, resistor termination to match the stripline, and absorbing boundary 
conditions (PML). Owing to the symmetric geometry of the stripline, source excitation should be added 
both under and above the stripline. Similarly, the resistor terminations are also added in this manner. 
Z C o m p u t a t i o n Z | Enclosed by 
Domain / / PML ^ 
Z Matched JJJ ~ ^ 
/ I Resistor | ' ^1 | ^ _— _ _ _ _ ^ 
< ^ I ^ . | , 】 1 『 减 卜 — I = g I 
I >^ . = 4.iytriBUne ^^ I 
/ x Resistive Ground X 
Voltage Source / 
\^^=^, — ^ 
Figure 2.9a Computational domain of Stripline 
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There are two simulations, one is the stripline without shorting screw and the other is with shorting screws. 
The simulations are performed for 1000 time steps and at 900 time steps, Ez field distribution is taken in 
the yz-plane. Fig. 2.9b shows the result without shorting screw, it demonstrate the existence of high order 
mode called "parallel plate mode", energy in the stripline will lost through the propagation between the 
ground planes. On the other hand, in Fig. 2.9c，the result shows that the parallel plate mode is eliminated 
by the shorting screw and the field can propagate through the stripline. 
Ez-field magnitude distribution of stripline 
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Figure 2.9b Ez-field of the Stripline without shorting screw 
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Ez-field magnitude distribution of stripline ^^  ^ g^ 
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Figure 2.9c Ez-field of the Stripline with shorting screw 
2.3.2 Microstrip Line 
Microstrip line is one of the most popular types of planar transmission lines, the geometry is 
shown in Fig. 2.10. A conductor of width W is printed on a thin, grounded dielectric substrate of thickness 
d and relative permittivity S^. Unlike stripline, where all the fields are within a homogeneous dielectric 
region, microstrip line has some of its field lines in the dielectric region, concentrated between the strip 
conductor and the ground plane, and some fraction in the air region above the substrate. Owing to this, 
microstrip line cannot support a pure TEM wave, since the phase velocity in the dielectric region is 
C / yf^，but the phase velocity in the air region is c. So, the microstrip line mainly supports quasi-TEM 
wave which constitute a hybrid TM-TE wave {d « X). 
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Figure 2.10 Geometry of Microstrip transmission line 
The phase velocity and propagation constant can be expressed as: 
V , = ~ ^ (2.3.5.a) 
^|^e 
P : K ^ J ^ (2.3.5.b) 
£,+1 eU 1 
£, 二 ———+ — 1 (2.3.5.c) 
2 2 ^l + l2d/W 
where £^ is the effective dielectric constant of the microstrip line and satisfy 1 < £^ < £^. The 
characteristic impedance is: 
7 60 1 M W � ^ T i , , j 1 
Z � = —In(—^—) forW/d < 1 (2.3.6.a) 
7^7 ^ 4d 
^ 120;r 
Z^ 二 " p = (2.3.6.b) 
V ^ [ W / d + 1 . 3 9 3 + 0.667 l n ( w / J l .444)] 
forW/d<l 
For a given characteristic impedance Z � a n d the dielectric constant £^，the W/d ratio is: 
W 8e^ 
—=2^ o forW/d<2 (2.3.7.a) 
a e — 2 
w 2 p — 1 0 f^^ 
—=—[B -1 - ln(2B - 1 ) + ^ ~ ~ { l n { B -1) + 0.39 - — } ] (2.3.7.b) 
d K 2s^ £^ 
forW/d<2 
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^ . z , 丨 〜 + 1 ~ - i , w 0 . 1 1 � „ y y i n 
where ^ = — J — ~ ~ " + — ~ ~ ( 0 . 2 3 + ——)and B = p = 
6 0 V 2 6 + 1 � s / 2 Z o E 
FDTD Simulation of Microstrip line 
The simulation of microstrip line is similar to the stripline, which have been discussed before. 
Owing to the asymmetric property of the microstrip line (between two different dielectric materials and no 
ground plane on the top ), the source excitation and resistor termination is only placed underneath the 
microstrip line. Fig. 2.10 is the result of the simulation , which shows the microstrip line has some of its 
field lines in the dielectric region, concentrated between the strip conductor and the ground plane, and some 
fraction in the air region above the substrate. 
Ez-field distribution of microstrip j^  ^g^ 
^ ^ … ？ � • • • • •  i ' •• .1 mm^ 
i4f . : : _ i , 
12 “ 
广-1 
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1^1' V \f \ f V N/ \ / y \ / 令 1 ^ -1 
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• l^®-2 
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grid size (y-direction) 
Figure 2.10 Ez-field of the Microstrip line. 
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2.3.3 Quadrature 90" Hybrid 
Quadrature hybrid is also called 3dB directional couplers with a 90" phase difference in 
the output ports. This type of hybrid is often built on microstrip line or stripline as shown in Fig. 2.11. The 
basic operation of the 90" hybrid is as follows. Since all the four ports are matched, power entering port 1 
is evenly divided into port 3 and port 4，with a 90^ phase shift between these outputs. In addition, no 
power is coupled to port 2, since phase is exactly cancelled at that port. So, the [S] matrix will have the 
following form: 
" 0 j 1 0 " 
1 j 0 0 1 
[ ^ = _ i 1 0 0 j (2.3-8) 
0 1 j 0 
From Fig. 2.11, you will observe that the 90" hybrid has a high degree of symmetry, as any port can be 
used as the input port. The output ports will always be on the opposite side of the hybrid from the input 
port. Owing to it's symmetric geometry, each row of the scattering matrix can be obtained as a 
transposition of the first row. 
Z Z � / 2 
^0 ,, ‘ ^ ^ r^^Z^^ ^o 
(Input) 1 >：'：：^^^ " ^ > . ^ : o ^ ! ^ m ^ ' ^ m 3 (Output) 
z 汗 ; ‘ 
(Isolated) 2 ii.:..；^：!= ^ 遍 4 (Ou,put) 
Z m rj 
0 ZJ2 乙。 
Figure 2.11 Geometry of 90 degree Hybrid 
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FDTD Simulation of 90" Hybrid 
In order to demonstrate the function of the 90" hybrid and the validity of the FD-TD program. 
Simulation will be compared with published result in [9]. Fig. 2.12 shows the dimension of the 
90" hybrid in that paper. The space steps used are Ajc = A j =0.406mm, Az =0.265mm and the total mesh 
dimensions are 60x100x16 in the x, y, and z directions, respectively. A resistive voltage source is placed at 
the input port 1 and the other ports are terminated with matched resistor. From port 1 through port 4， 
voltages are taken from a reference planes which are placed 10 Ay from the edges of the coupler. The time 
step used is At =0.441ps and a Gaussian pulse source is used. The Gaussian half-width is 15ps and the 
time delay is set to be 45ps. The simulation is performed for 5000 time steps and then extrapolated by 
Prony's method until the response on all four ports to become nearly zero. 
Q.75m.m.^!:^^j|!^m^!i!^^^?^��.... 
^ ' > ^ L ^ ^ ^ ^ y<^75mm 
(OutPfJ^C"^^^^ ^ ^ ' " " " > < ^ 
^ ^ 3 . 9 6 ^ ^ ^ ^ ^ ^ ^ p ^ ' ' ^ X ^ ^ 
^ ^ ^ ^ \ < � ^ ^ ^ ^ ^ ^ / ^ 0 . 7 9 4 m m 
y 个 ^ V ^ ^ 2 0 ^ ^ ^ ^ ^ ^ / ^ ^ 下 
少 ^ ^ ； ； ^ ^ ^ ^ - 丁 
^^ 13mm 
Figure 2.12 Geometry of 90 degree Hybrid 
Fig. 2.13a shows the result of S-parameters at the four ports. The desired 90" hybrid has a sharp Sj^ and 
S21 nulls which occur at approximately the same operation point at 6.2 GHz as the crossover in S^j and 
kS41 . At this crossover point, S^j and ^41 are both approximately - 3 dB which indicates that the power is 
being evenly divided between the outputs port 3 and port 4. On the other hand, the nulls in 5 ^ and 5*2! at 
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the operating point indicate that little power is being reflected to portl and port2. Comparing with the 
result in the paper (Fig. 2.13b)，the result here agrees well with the published result and is even better than 
the published result when compared with measurement data. In the measurement, nulls of S^ ^ and S21 
are at 6.1 GHz with power of -25 dB, which is similar to the result here. 
Magnitude of S parameter red"S11,blue-S31,green-S41,magneta~S21 
10|  
0  
' ' ^ ^ ^ ^ ^ ^ ^ ' ^ > C " 1 1 ^ ^ ^ 
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Figure 2.13a S-parameter of the 90" hybrid in my program 
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Figure 2.13b S-parameter of the 90° hybrid in the paper 
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From the result here, the phase difference between S^ ^ and '^4^  is approximately 90^at the operating 
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f igure 2.14a Fhase diflerence of port 3 relative to port 4 of the 90" hybrid in my program. 
180 ~ - ~ 1 ~ " - ~ T r ~ ^ ~ I ~ ' - i 1 ‘ ~ — 
160 - . 




3 120- • 
« • ^^ 
c 100 - z - J ^ 
P , - » >t-> _二>-»<^ ., 
i , ; ^ ^ ' - ^ ^ ^ i . : : , ^ ^ , . , s > -
1 e ° : y M ^ • 
S 抑 - / ！ “ 
® / 丨 • 
^ 4 0 : 乂‘-…^EASUREMENT ； 
20 - ^ ^ ^ ^ ^ | | : A L a J L A T T O N _ 
^ _ _ ^ ^ ^ 丨 
0 ^ - r " ^ • •_—L^— i—.—I—‘—«—‘—«~^—I—‘—•—‘—I—‘~ 
0 1 2 3 4 5 6 7 e 9 10 
_ Frequency (GHz) 
Figure 2.14b Phase difTerence of port 3 relative to port 4 of the 90® hybrid in the paper. 
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2.3.4 Butler matrices 
Butler matrices have been used principally as multibeam forming networks for linear antenna 
arrays. Designs exist using either 90" or 180" hybrids with the Butler matrix. A standard Butler matrix is 
an N input ports by N output ports network where N is required to be a power of 2 � N = 2" ) and n is an 
integer. It consists of a number of rows of hybrids, interspersed by rows of fixed phase shifters. Thus, 
when inputting a signal at each input port will produce a different interelement phase shift across the output 
ports. When these output ports are connected to a linear array of radiating elements, the distribution of 
phase shift would cause a deflection of the radiation beam at different angles according to each input port, 
so N different beams can be obtained. 
A) Types of hybrids 
The phase shifts obtaining at the outputs vary with the number of ports N, as well as the type of 
hybrids used. Using 90" hybrids produce the beams that are symmetrical about the center (broadside 
direction ). On the other hand, using 180�hybr ids produces beams, which are asymmetrically distributed 
about the center. The basic operation of the 90" and 1 8 0 �h y b r i d s are shown in Fig. 2.15. For 9 0 � 
hybrid, input signal at ports 1 or 2 produces outputs at 3 and 4 with equal magnitudes but 90" out of 
phase. For 180'' hybrid, input at port 1 produces equal outputs at 3 and 4 but 180" out of phase, input at 
port 2 produces equal outputs at 3 and 4 that are in phase. 
0 � 9 0 � 9 0 � 0 � 0 � 1 8 0 � 0 � 0 � 
3ti4 3j^ 4 3i_i4 3jLi4 
B m H m 
i f 7 ' " ' f 7 ' r 
Figure 2.15 The basic operation of the 90�and 180�hybrids 
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B) Number of hybrids 
The number of hybrids required is Nn/2, regardless of the type of hybrid used in the network. 
These hybrids are arranged in n rows ofN/2 hybrids per row. For 16x16 network n=4, so there are 4 rows 
of hybrids, each row containing N/2=8 hybrids. 
C) Number of fixed phase shifters 
The number of rows of phase shifter is (n-l) for 90^ and 180^ hybrids, but the number and 
position of phase shifters depends on the type of hybrids used in the network. For 90" hybrids, the 
number of phase shifters per row is N/2, however, for the network using 180" hybrids the number of 
phase shifters in a particular row k is N / 2 — 2 ( " ) . 
D) Positions and magnitudes of fixed phase shifters 
The position and magnitudes of the fixed phase shifters in a matrix with 180" hybrids follow a 
complicated pattern, which will not be discussed here. For a matrix with 90" hybrids, the phase shifters 
are symmetrically positioned about the centre line [10]. The layout of the matrix with 90^ hybrids is 
shown in Fig. 2.16. Referring to the first row of phase shifters R=1, the first and last phase shifter of the 
first set of four have the same values as the phase shifts produced by input ports but their positions are 
兀 
interchanged. So, it can be seen that a phase shifts value of lX|/^  = 7 x — — = 7 8 . 7 5 �i s above the input 
16 
port 1, which produces a phase shift of K across the output ports. The phase shifter value ly/i is above 
the input port 4，which gives a phase shift of lTT across the output ports. In Fig. 2.16，there is only one 
phase shifter at each end of the set of four in the row R=1. 
However, for row R=2, we must consider sets of eight, the magnitudes are now twice that of the 
values of the values 1 and 3 at the input ports 1 and 8 but their positions are interchanged. Thus, the values 
of the phase shifters are 2x3y/^ = 6y/^ in positions 1 and 2 of row R=2, above the input ports 1 and 2. In 
positions 7 and 8 above the input ports 7 and 8 are 2 X h|/^ = 2l//"j. 
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，，^^^,。 .,^ ^^ ¾^, . * X 
J i f f l 
Input port no. 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
Phase shift 
in multiples 1 15 9 7 5 11 13 3 3 13 11 5 7 9 15 1 
ofp i 
^ :9〇 degree hybrid 
® :fixed phase shifter in multiples of v/=(7^/N)p, i.e 0=(Ti/16)7=78.75 degree 
Figure 2.16 16x16 Butler matrix using 90° hybrid 
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For, row R=3, there are now four phase shifters at each end of the set of 16. Their magnitudes are 
four times the values of the phase shifts values 1 at the input ports 1 and 16. The phase shifter of 
magnitude 4 x \y/^ = Ay/^ in positions 1，2，3 and 4 ofrow R=3, above the input ports 1, 2，3 and 4. In 
positions 13，14，15 and 16 above the input ports 13, 14，15 and 16 are 4 x \y/^ = Ay/ .^ 
‘E) Values of total phase shift at output ports and produced by input ports 
Using 90�hybrid, the total phase shifts obtain by the output ports are symmetrical about a line 
dividing the N/2th and 0^/2+l)th port. The signs of these phase shifts are alternate between adjacent input 
ports, across the array. Fig. 2.17 show the phase shift and consider only the first half ofthe matrix, it can 
be seen that the total phase shift produced by an odd numbered port r together with the following (r+l)th 
even port adds up to N j l . For example, for the 16x16 matrix the first port produces a phase shift of 7U 
and the second port a phase shift of \57C, but the sums of total phase shifts produced of an even numbered 
port and the next odd numbered port add up in multiples of 71 to values of3N/2, 3N/4, 3N/2, 3N/8, 3N/2, 
3N/4, 3N/4, etc. This pattem only extends to 3N/8 which is the line dividing the 8^ and 9^ port, and is 
then reflected for the second half of the matrix. The phase shifts produced by the T^ and 3^ ^ ports add up 
to 24 n. As the 2"^  port is 15 n, the 3'^  produces a phase shift of 9 n. Similarly for 4x4 matrix, these 
sums are symmetrical about a line dividing the 2"^  and 3^ ^ port which is equal to 3N/2. 
biputportn^ber 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
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Figure 2.17 Total phase shifts, in multiples of 7C，produced by using 90® hybrid. 
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2.4 Antenna Theories 
2.4.1 Microstrip Patch Antenna 
Microstrip antennas are an extension of the microstrip transmission line, it was first proposed in 
1952 by Grieg and Englemann. All microstrip antennas are essentially discontinuities, usually in some 
physical dimension, that radiate. The shape of the discontinuity is chosen so that well-defined radiation 
patterns result. A properly chosen shape also results in an impedance versus frequency behavior that 
approximates a parallel RLC circuit. The operating frequency is determined when the impedance becomes 
purely real. 
In aircraft and spacecraft applications, where size, weight, cost, performance, ease of installation, 
and aerodynamic profile are constraints, low profile antenna is required. To meet these specifications, 
microstrip antennas can be used. On the other hand, the major limitations of microstrip antennas are their 
inefficiency and their narrow bandwidth which is typically a few percent. Although, using thick substrate 
can improve the bandwidth, it will also excite surface waves. New advances in microstrip antenna design 
in the past decade has extended the bandwidth to almost 50%. Microstrip antennas consist of a very thin 
(t « 儿）metallic strip (patch) placed a small fraction of a wavelength (h « X) above a ground plane. 
The patch and the ground plane are separated by a dielectric substrate, which shown in Fig. 2.18. 
/ ^ ¾ ¾ 
Z _ ^ ^ ^ { ^ / ^ 
N'^ -^ -^^p ^m»^«w^t>-:4£^浓、;’��>>:x;^^-[/ y 
Ground plane (a) 
I . t : j ^ 
Ground plane (b) 
Figure 2.18 (a) Microstrip antenna and (b) side view 
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The radiating elements and the feed lines are usually photoetched on the dielectric substrate. The radiating 
patch may be square, rectangular, circular, elliptical or any other configuration. The feed line is often a 
conducting strip, usually of smaller width. The field structure within the substrate and between the 
radiating element and the ground plane is sketched in Fig. 2.18. It undergoes a phase reversal along the 
length, as indicated in the side view, but it is approximately uniform along its width. 
The antenna consists of two slots, each of width W and height h, and placed perpendicular to the 
feed line. A very low impedance parallel-plate transmission line of length L which acts as a transformer 
separates the slots. The length of the transmission line is approximately X / 2 , where 义 is the guided 
6 6 
wavelength, in order for the fields at the aperture of the two slots to have opposite polarization. The two 
slots form a two-element array with a spacing of X^ / 2 between the elements. The components of the 
field from each slot add in phase and give a maximum radiation normal to the element. The electric field at 
the aperture of each slot can be decomposed into x and z directions. The x component is out of phase and 
their contributions cancel out. Thus only z component exist. 
A) Bandwidth Enhancement 
There are basically four methods that can be used to increase the bandwidth: 
1) Increase the thickness (h) of the substrate which in turn increases its characteristic impedance. 
2) Use a high dielectric constant ( £ , ) substrate to decrease the physical dimensions of the parallel plate 
line. 
3) Increase the capacitance of the microstrip by cutting holes or slots into it. For example, according to 
[23], adding a U-slot on a rectangular patch can increase the gain bandwidth to about 30%. 
4) Add reactive components to reduce the VSWR. 
B) Antenna design methodology 
B-1) Substrate selection 
The major electrical properties to consider are relative dielectric constant and loss tangent. A high 
dielectric constant results in a smaller patch but generally reduces bandwidth and results in tighter 
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fabrication tolerances. A high loss tangent reduces antenna efficiency and increase feed losses. Generally 
it is best to select a substrate with lowest possible dielectric constant. Substrates thickness should be as 
large as possible to maximize bandwidth and efficiency, but not so large as to risk surface wave excitation. 
For a maximum operating frequency (/印“所眺)’ the thickness should satisfy [11]: 
, ^ 0 . 3 c 
h< — (2.4.1) 
2梦optimum ^^r 
where c is the speed of light and e^ is the relative dielectric constant. 
Traditional patch design at microwave frequencies uses substrates such as alumina, quartz, PTFE 
and RT Duroid. These offer excellent electrical performance, but resulting substrate costs are often too 
high for commercial applications. Epoxy/glass FR4 is a widely used material for low frequency. Its low 
cost and ease of processing are its strengths. For low frequency RF applications, FR4 is the best choice. 
With FR4, the RF section can be easily integrated with other electronics components. No new processing 
needs to be introduced and cost will be minimal. At very high microwave ( 10 GHz or above )’ the PTFE, 
RT Duorid or quartz materials may have to be used. 
B-2) Rectangular element analysis and design 
To design a rectangular patch, one must choose (1) substrate, (2) feed network, (3) correct antenna 
length (L), (4) patch width (W), (5) feed location. Rectangular patches can be fed in a variety of ways, 
which show in Fig. 2.19. In Fig. 2.19a，this is the most common feeding with a microstrip line feeds the 
patch. The line can either end at the patch edge or be insert as shown. The amount of inset, I in the figure, 
is chosen to match the patch impedance with that of the feed line. Microstrip line feeding is perhaps the 
simplest and costs the least. It makes for a completely printed structure. However, there is a disadvantage 
of potential feed radiation. On the other hand, the patch can be fed with a probe through the ground plane 
as shown in Fig. 2.19b. The probe could be the center conductor of a coaxial cable. The probe feed is 
easily insert for matching. In addition, the insertion also minimizes probe radiation. Another advantage is 
the increase in available space. 
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(a) Microstrip feed 
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*^***^*^^ ^^^**^^ *^^***^^ *^^ ^^^ ^^^ ^^^ ^^^ ¾^¾^!^^ ^^^ ^^!^^¾¾!^*^*********************^*^^  
Ground plane ^ 
(b) Probe feed 
Figure 2.19 Two common microstrip patch feeds: (a) microstrip feed and (b) probe feed. 
Recently several new feed approaches, such as slot coupling have been developed that increase the 
flexibility of microstrip antennas. One common feature of these feeds is that there is no direct contact 
between the feed and the patch antenna. This eliminates the need to use a probe to feed the antenna, since 
the production costs can be saved when we do not have to fabricate the pin and solder it in place. At high 
frequencies, pin sizes become small and alignment is very critical. A noncontact feed does not have these 
problems. Here two kinds of noncontact feed antennas will be introduced, one is electromagnetically 
coupled patch and the other is aperture coupled patch. 
1) Electromagnetically coupled patch 
In Fig. 2.20, the feed is at a lower height than the patch and the resulting coupling can be very 
strong. In this method, two substrates are used. The patch is etched on the top one. The ground plane for 
this substrate is completely removed. The feed line is etched on the lower substrate, which has its ground 
plane left intact. The feed line is run underneath the patch and left open circuited. The distance (s) form 
the patch edge to the line edge is referred to as the overlap. The fringing fields from the open-circuited end 
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provide the main coupling mechanism to the antenna. So, this kind of antenna is called 
"electromagnetically coupled patch. 
patch A - W _ ^ / 
> V ^ ^ ^ 
Z / "*jT^ , — j - , y* ,+• '^' ‘ ^ j^ f 
y^W^J^ 
" 1 � L / / ^/ g.l / / 
K T IX ^r7]X 
Ground plane 
Figure 2.20 An electromagnetically coupled patch antenna 
The coupling mechanism is predominately capacitive. This coupling is controlled by two factors, the inset 
distance of the feed and the patch width. The coupling increases with feed inset reaching a maximum when 
s=L/2. The coupling is symmetrical with respect to the center of the patch and decreasing the patch width 
increasing the coupling. The substrate parameters also have some effect, if the feed substrate has a higher 
relative dielectric constant, its thickness must be increased to maintain a level of coupling. 
Generally speaking, if different dielectric constant substrates are used, the lower one has the 
higher value. This reduces the size of the feed networks. Normally using a high dielectric constant 
substrate degrades patch performance. With two substrates, the overall effective dielectric seen by the 
patch will be lower because of the upper substrate. Thus the patch performance is improved over using a 
single substrate with the higher dielectric constant. Surface-wave excitation is reducing, and the factors 
such as efficiency and bandwidth are increased. Using different dielectric constant substrates offers a way 
of meeting the often conflicting requirements of minimizing circuit size while maintaining good antenna 
performance. 
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The modeling and analysis of electromagneticallly coupled patches is quite difficult because of the 
complicated electromagnetic interaction between the feed and the antenna. Therefore, after choosing the 
antenna parameter ( e.g. substrate thickness, antenna dimension, etc.), FD-TD can help to analyze the 
antenna. The following is the design guideline: 
1) set s=L/2 for maximum coupling. 
2) when W decrease, coupling increase. 
3) medium 1 has higher dielectric constant for smaller feed network. 
4) higher dielectric constant in medium 2 will degrade patch performance. 
5) the lower substrate thickness should be equal to or less than the upper substrate thickness 
6) keep the overall thickness of both substrates < 0.04X^ 
7) using the program PatchD [11] to calculate the patch performance. 
8) The patch width of about 0.5 to 1 time the length is a good starting point. 
9) If different substrate is used, run TLPatch [11] to estimate the patch dimensions. 
10) If using the same material, run Patch9 [11]. 
11) Use COVMIC [11] to find the feed line width. 
Following the above design guidelines, I can obtain those parameters of the electromagnetically coupled 
patch for using FR4 substrate and operating at 2.4 GHz. The FD-TD and experimental parameters are as 
follow: 
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The spatial distribution of E^ (x,y,t) just beneath the patch at 100, 200, 300, 400, 500 and 600 time steps 
is shown in Fig. 2.21, where the source Gaussian pulse and subsequent propagation on the feed line and 
then coupling to the patch are observed. 
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Figure 2.21 Ez field distribution of the Electromagnetically coupled patch. 
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The FD-TD scattering coefficient results shown in Fig. 2.22, shows good agreement with the measured 
data. The simulated frequency is 2.43 GHz and the measured frequency is 2.434 GHz, which is close to my 
expectation (2.4 GHz). The different between the simulation and measurement results is 0.004 GHz and 
percentage error is only 0.16 %. The simulated S l l magnitude is -27 dB and the measured S l l magnitude 
is -25.8 dB. The different between the simulated S l l and measured S l l is 1.2 dB. In general agreement 
between simulated and measured results have been good. However, there are still some small error exist, 
the first one is the FDTD modeling error occurs primarily in the inability to match grid size to all of the 
circuit geometries. Second is owing to the non uniform thickness and dielectric constant of the inexpensive 
FR4 substrate we are using. 
MagnitudeofS11 parameter blue-fdtd, red-experiment 
- ^ m 
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Figure 2.22 Keturn loss ot the t:iectromagnetically coupled patch. 
2) Aperture Coupled Patch 
Another type of noncontacting feed for microstrip patches uses a rectangular aperture in the 
ground plane as the coupling mechanism, which is called "Aperture Coupled Patch". This was first 
proposed by Pozar [12], Fig. 2.23 shows the geometry of the aperture coupled patch. On the ground plane 
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underneath the patch, a rectangular slot is etched. The slot is placed at the center of the patch. The feed 
line is on another substrate where the ground plane is completely removed. The slot is considerably 
smaller than the patch and the feed extends beyond the slot usually about a quarter-wavelength. 
Aperture coupling offers several advantages. One is that the patch is completely shielded from the 
feed, since there is a ground plane separating them. Spurious radiation from the feed does not degrade side 
lobe levels or increase cross polarization. Same as the electromagnetically coupled patch, the individual 
substrates can be tailored for optimum performance. When fed with aperture coupling，the patch is in 
series with the feed line and the aperture is too small to be resonant. So, it only contributes a reactance to 
the impedance. The open stub beyond the coupling slot also presents a series reactance which compensates 
for the inductance of the slot and the patch to help create real input impedance for the antenna. From the 
experiment of [11], as the stub length (L^) increase, the impedance locus rotates in a clockwise direction 
along a constant resistance circle. When the stub length approaches a quarter wavelength long, the 
impedance curve crosses the real axis of the Smith chart. With the correct stub length, the impedance is not 
only real at the design frequency but also symmetrical about the real impedance line. 
Microstrip 
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Figure 2.23 Geometry of the Aperture coupled microstrip patch 
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The aperture length (L“ ) controls the amount of coupling. As the aperture length increases, the 
resistance increase. Thus, by adjusting the length, the impedance at the design frequency can be set to 
5 0 Q . The feed substrate thickness and dielectric constant also affect the coupling. As the substrate gets 
thicker, less coupling occurs, thus a longer slot is needed to maintain a given level of coupling. The 
opposite happens as the dielectric constant increase, so the required slot size must be decreased. 
There are some design guidelines for the aperture coupled patch: 
1) Unless a minimum patch size is required, choose a low dielectric material for the patch substrate. 
2) The feed substrate can be selected to realize the needed feed circuit size. Keep the substrate thickness 
small, on the order of 0.01儿。to 0.03义。.This keeps the slot size from getting too large and causing 
too much radiation. 
3) The patch should be chosen to be about 0.75 to about 0.875 times the patch length (L). 
4) Use PATCH9 [ 11 ] to design the antenna. 
5) The aperture coupling reduces the resonant frequency between 2% to 4%. So, design the patch to 
operate at an appropriately higher frequency. 
6) The slot length (L“ ) is about 0.0082A^ for low dielectric constant substrates {e^ ~ 2 .54) . If a 
higher dielectric constant feed substrate is used, the slot length decrease to 0.074A^ for 
( e . - 1 0 . 2 ) • 
7) The slot width (W“ ) should be small for best coupling, choose W^ = - j ^ . 
8) The stub length (L�’) beyond the centre of the slot is around 0.22A^，where 义, is the wavelength 
on the feed line. 
9) Use MICRO [11] to determine the feed line width and the effective dielectric constant. 
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Following the above design guidelines, we obtain those parameters of the aperture coupled patch for using 
FR4 substrate and operating at 2.4 GHz. The FD-TD and experimental parameters are as follow: 
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^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ ^ M 
、 、 、-、-、- 、-、-、 、-、、 .、“.、.广.…為.一…… ‘ 
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( i , ; y , z ) 
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The FD-TD scattering coefficient results shown in Fig. 2.24, which again show good agreement 
with the measured data. The simulated frequency is 2.375 GHz and the measured frequency is 2.4 GHz, 
which is close to my expectation (2.4 GHz). The different between the simulation and measurement results 
is only 0.025 GHz and percentage error isl.05 %. The simulated S l l magnitude is -15 dB and the 
measured S l l magnitude is -24 dB. The different between the simulated S l l and measured S l l is 9 dB. 
Since the space step Ay may be freely chosen; this allows exact matching of only one circuit dimension 
(Wy ) but not L^. This cause the simulated S parameter to be shifted up in amplitude at the operating 
frequency. In addition, air gap in between the substrates in the measurement cannot be avoided and is not 
accounted for in the simulation. 
Magnitude ofS11 parameter: blue-ftttd, red^xperiment 
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Figure 2.24 Return loss of the Aperture coupled patch. 
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The spatial distribution of E^ (x, y, t) just beneath the coupling slot at 100, 200 and 300 time steps and 
beneath the patch at 400, 500 and 600 time steps is shown in Fig. 2.25, where the source Gaussian pulse 
and subsequent propagation on the feed line and then coupling to the patch through the slot are observed. 
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Figure 2.25 Ez field distribution of the Aperture coupled patch. 
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2.4.2 Array Antenna 
To derive some characteristics of an array, consider two antennas positioned along the x-axis, as 
shown in Fig. 2.26. The field radiated by the two elements (assuming no coupling between the elements) is 
equal to the sum of the two and in the x-z plane: 
p-jkr p-M 
E(6) = E, (G)——+ E^ (6) - ^ (2.4.2) 
r 厂1 
2n 
where E^ (9) and E2 (0) are the farfield patterns of each antenna and k = . r and r] are the 
义" 
distance from the antennas to the point in the far field. Assume the two elements are identical, 
E^ (6) ~ E2 (0) . The distances, r and r^ are not the same, but when the observation point is far enough 
away, the difference in their magnitudes is very small. Since the denominators in (2.4.2) only affect the 





_ ^ ^ / _ _ . 
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Figure 2.26 Geometry of a two-element array positioned along the x-axis. 
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In the exponential terms, the small differences cannot be ignored. When r and r^ are nearly parallel, the 
path length difference can be found from the geometry and is given by: 
d' =r-r^ ^dsin(9) (2.4.3) 
the total field becomes 
p:ikr 
E{6) = E,{Q)-^(l + —.^in(0)) (2.4.4) 
r 
From (2.4.4), the total field of the array is equal to the field of a single element multiplied by a factor which 
is widely referred to as the "array factor". This multiplication of terms is an application of a concept called 
"pattern multiplication", which is widely used to determine array patterns when the elements are identical 
and mutual coupling is negligible. 
To increase the flexibility of the array, each element may be excited with a different amplitude and 
phase. With a- and p. being the amplitude and phase of the excitation of the ith element, (2.4.4) 
becomes: 
p-jkr 
E(6) = E,(0)-^(a, +«2厂'("2-胁_))) (2.4.5) 
r 
Equation (2.4.5) can be extended to cover the general case with N elements. The farfield pattern is simply 
the sum over the elements: 
N -jkr 
E(G)=五“0)£^7„6爪"-1)则_-" - — ) (2.4.6) 
n=l r 
In (2.4.6), E^ (0) is the element pattern. For many cases, the phase shift between elements is a constant, 
so P^ 二（n — \ ) P . Then (2.4.6) becomes: 
E(6) = E “ e ) f ^ a , ^ — ” ] ^ ) (2.4.7) 
n=l r 
This is thus the pattern for an N-element array with equal element spacing and a constant phase shift 
between elements as determined by the method of pattern multiplication. To study the properties of an 
array, let each element be excited equally in amplitude. After some algebraic manipulations, (2.4.7) 
becomes: 
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l s i n _ ^ i _ - ^ / 2 ] 
N s i n [ ( M s i n ( 0 ) - j 3 ) / 2 ] ‘ 
where the last term in (2.4.7) has been dropped since it does not depend on the angle 9 . There are several 
trends for the linear array. First the beamwidth decrease with increasing array size. Second, there is one 
main beam and N-2 sidelobes. The peak sidelobe level decreases with increasing array size, reaching a 
limiting value of-13.2 dB. 
The position of the main beam can be moved or steered by introducing a phase shift between 
elements. The maximum value of (2.4.8) occurs when kdsin(6) — p = 0 . If the main beam is to be 
located at 6 = 6^ , then the phase shift must be: 
P = kd s'm(6^) = ln ^ s in(0^) (2.4.9) 
儿。 
Fig. 2.27 presents farfield patterns for 10 elements array of rectangular patch with different phase shifts 
(which is simulated by commercial software “ Linplan"). 
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Figure 2.27 Farfield pattern by Linplan. 
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The presence of grating lobe (largest side lobe) is undesirable because it becomes impossible to 
distinguish if a signal comes from the main beam or the grating lobe. In order to eliminate the grating lobe, 
some restriction on the design parameter must be obtained. For a given main beam angle, 6 �，a grating 
lobe will not appear if the element spacing, d, does not exceed: 
^ 1。 
dmax = 1 1 • “ � (2.4.10) l + sm(9J 
In addition, an array with a uniform excitation produces the narrowest possible beamwidth along 
with the highest side lobe level. These sidelobes can increase interference or result in spurious signal 
reception. By using amplitude taper of each radiating elements, the sidelobe level can be reduced. When 
tapering the amplitude distribution, the excitation is highest at the center of the array and then decreases as 
one moves toward the edge. For example, consider an amplitude that varies linearly from a peak value of 1 
at the array center to a value of C (C<1) at the edge, which is shown in Fig. 2.28. Although the function 
describing the taper is continuous, only its values at the element locations are used. In Fig. 2.28, the 
elements are located at the blue dots. For the distribution in the figure: 
2Z 
a ^ - C + (l + C ) [ l - ~ ^ ] (2.4.11) 
Lj 
where a^ is the amplitude of the nth element, which is located at Z^ and C is the amplitude taper at the 
array ends. This type of distribution is called a linear taper on a pedestal. Moreover, there are many other 
amplitude distribution, such as Gaussian, Dolph-Chebyshe, Taylor distributions, etc. 
a (element excitation) 
^ 4 i r """^ 1>>«^  
m^^^ ^ element location 
© - ^ — c ^ ^ 
-L Z (distance along array) L 
Figure 2.28 Linear tapered amplitude distribution. 
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Fig. 2.29 shows the simulation of 10 element rectangular patch array by the Linplan. The first simulation 
without amplitude taper and the second simulation with Gaussian amplitude taper. As a result, two major 
consequences of the taper are lowering of the sidelobe levels by about 20dB and broadening of the 
beamwidth (half power beamwidth from 13.5 degree to 17.5 degree). 
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Figure 2.29 Effect of amplitude taper on a 10 element rectangular patch array. 
In spite of the linear array, there are planar array. The mathematical derivation is similar to the linear array, 
but is changed to two-dimension. When mutual coupling is negligible, pattern multiplication in two 
dimensions can be used to find the farfield pattern. Then (2.4.6) becomes: 
E(e,^) = E ^ ( 0 , 0 ) X 玄以_一__产(一一 (0)]-/^細} (2.4.12) 
m=l n=l 
where the element excitation is a^e_jP'"" and distance between elements are d^ and d^ in y and 
x-direction respectively. If the phase shifts are linear along x and y (i.e. p^ = (m — 1) P^ )，then: 
M N 
五(0,(« = £“0，(«£以,产-綱一(一(灼-"」£以„^"-1)[''”_)__"」 (2.4.13) 
m=l n=\ 
You will find that (2.3.13) is the product of the element pattern and two array factors: one along x and the 
other along y. This separable distribution allows us to design planar array by considering it to be two linear 
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arrays. The phase shifts are used to steer the beam and for the position of the main beam to be at 6() and 
¢0 , we need: 
P x = k d , s i n ( 0 J c o s ( 0 J 
Py = kd^ s in(0^) s in(0^) (2.4.14) 
Since, the beam steering, beamwidth and sidelobe level of planar array is similar to the linear array; it will 
not further discuss here. 
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Chapter 3: Butler Matrix Analysis and Design 
3.1 Circuit Topology 
Butler Matrix is a NxN network, signal entering an input port is divided in equal parts at the 
output with a specified phase distribution. A 4x4 Butler matrix consists of a close connection of 90" 
hybrids ( 3 dB branch-line couplers). The use of the airbridge technique to implement the crossover in the 
center and at the output, as show in Fig. 3.1, would produce unwanted couplings between the crossing lines 
and a loss of symmetry of the whole structure. Owing to this reason, the crossovers are substituted by 0 dB 
branch-line coupler [13]. 
Z Antenna array 
• • ^ " Y 
0 ^ s ^ X Crossover 
^ \ M 
® > c / ^ / ^ ^ ^ ^ Phase shift section 
/ ^ N ^^ 
L r 4 | r p 4 | / 9 0 ^ H y b r i d 
B � 
Figure3.1 General block diagram of 4x4 Butler Matrix. 
The 0 dB branch-line coupler essentially consists of a cascade of two 3 dB branch-liner couplers. It can be 
demonstrated that a signal entering an input port is divided into two equal parts at the outputs of the first 3 
dB coupler and then recombined by the second 3 dB coupler. Thus, the opposite output port of the second 
3 dB coupler is being isolated and the other output will receive the power from the input. The operation of 
the 0 dB coupler is shown in Fig. 3.2. 
73 
_— Chapter 3: Butler Matrix Analysis and Design 
V ^ 1\y^[^^^^^%^3^ OUT2 
— X \ l l X \ l oun 
1 / 7 V 2 
o t / n = 1 / V 2 * 1 / j V 2 + 1/ 7 V 2 * 1 / V 2 = j 
o f / r 2 = 1 / V 2 * 1 / V 2 + 1 / 7 V 2 * 1 / 7 V 2 = 0 
Figure 3.2 The operation of the 0 dB branch-line coupler. 
3.1.1 Basic Operation of the 4x4 Butler Matrix 
From the previous chapter, I have discussed the design procedure of the Butler Matrix. For 4x4 
Butler Matrix, the progressive phase shift produced by the outputs are —45�’ 135°, -135° and 45° according 
to the input ports 1, 2, 3 and 4, respectively. The following figure shows the operation of the 4x4 Butler 
Matrix: 
-45" 1350 , 135!.. ,.... 45;U 
举 义 珍 • ？ m ‘ 
^ ¾ ^ ¾ W% 2 ¾ 
囊 ^ ^ > < ^ @ ^ x ^ @ i i ^ ^ x ^ ^ ^ ^ > < C ^ 
琴 H 1 ^ 円 t ^ r r r i f i 
^ 3 4 1 2 3 4 1 2 3 4 1 2 3 4 
个 Signalin 个 T 
(a) (b) (c) (d) 
Figure 3.3 The basic operation of the 4x4 Butler Matrix 
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The signal flow of the Butler Matrix is shown in Fig. 3.4 (the same as Fig. 3.3a) which is indicated by the 
red lines. First, signal entering into port 1 of the Hybrid A is evenly divided into its outputs with a 90" 
phase shift between them. Then signal from the first output will go through a 45^ phase shifting section 
to the Hybrid C and the other signal will go through the crossover to the Hybrid D. Finally, there are four 
evenly distributed output signals produced by the Hybrid D and C with a progressive phase shift of 
- 4 5 ° . Similarly, the signal flows of Fig. 3.3b to Fig. 3.3d follows the same procedure. 
- 9 0 ' -135" 
T t ^ T t ^ - 4 5 T t ^ - i 8 O " 
百 3 0^ 因 回 J ^ 
^"^X^ 崎^“^^^崎^""^><^ 
0 。 l - 9 0 ^ j 1 T f J T 〔 ] I 
T | W M f J ] f71 [ F 
r f r 7 r f r f r r r i 
个 
Signal in 
Figure 3.4 Signal flow diagram of the 4x4 Butler Matrix. 
3.2 Design Methodology and Circuit Characteristics 
Before build up the beam forming network, we should make sure all the components in the 
network can perform well independently, especially when they are connected together for the network. A 
4x4 Butler matrix beam forming network essentially consists of 3 dB branch-line couplers, OdB branch-Une 
couplers and phase shifting sections. The first step is designing the 3 dB branch-line coupler, because it is 
the main component of the networks. 
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3.2.1 3 dB branch-line coupler 
In order to design the 3 dB coupler, we should know all the parameters in Fig. 2.11. The 
characteristic impedance Z �= 5 0 Q and the branch-line impedance is Z �/ V 2 = 5 0 / ^ | l = 3 5 . 4 Q • 
By using the HP-Eesof CAD (MDS), we can calculate the required line widths and the dimension of the 
coupler. The input parameters and the obtained results are shown in the following table (Fig. 3.5): 
Frequency = 2.4 GHz 它砍= 3 . 4 1 4 6 Ax： = A j = 0 .3758mm， 
Az = 0 . 2 6 6 7 m m 
Zo = 5011 Line width of Z�二 1.504mm At = 0 . 5 9 6 0 6 p s 
4 = 3 5 4 Q Line width of Z , / V 2 = 2.569mm Domain size (x, y, z) = (169, 75, 16) 
72~ ‘ 
Dielectric_height X 3jcl08 No. of time steps = 10000 
— = • = 16.911mm 
=0.8mm 4 2 .4x10' * 4 * V3.4146 
£^ = 4.1 Resistive voltage source: Gaussian 
pulse 
Figure 3.5 Table of experimental and simulation parameters. 
Fig. 3.6 shows the actual dimension of the 3 dB coupler and the grid size in FD-TD simulation. The circuit 
was constructed on FR4 substrate with £^ = 4.1 and thickness of 0.8mm. Scattering coefficients were 
measured by using HP 8510 network analyzer. There was only two ports for each measurement, thus, 
50^2 broadband loads were needed to match the other two ports. To model the thickness of the substrate 
correctly, Az is chosen such that it exactly matches the thickness. In order to correctly model the line 
width for 50^2 characteristic impedance, Ax and ^ y are chosen to exactly fit the line width. However, 
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that makes X^ / 4 length and Z �/ V 2 line width off by a fraction of the space step. Fig. 3.5 shows all 
the parameters in the FD-TD simulation. 
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(b) FD-TD Simulation 
Figure 3.6 Geometry of the 3 dB branch-line coupler (a) Experiment and (b) FD-TD simulation 
The scattering coefficient results, shown in Fig. 3.7, shows good agreement with the measured data. The 
operating frequency at 2.45 GHz is almost exactly shown by both measurement and simulation. However, 
this frequency is somehow shifted when compared with the previous defined frequency (2.4 GHz). At the 
crossover point S^^ and ^41 are -3.3 dB which is close to the ideal case (-3 dB). In Fig. 3.8，the phase 
difference between port 3 and port 4 is 90" at the operating frequency in both simulation and 
measurement. 
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Magnitude ofS parameter blue-S11, red-S21, magnet-S31, green-S41 
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Figure 3.7 Scattering parameters of the 3 dB branch-line coupler 
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Figure 3.8 Phase different of port 4 relative to port 3 of the 3 dB branch-line coupler 
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3.2.2 0 dB branch-line coupler 
As mentioned before, the 0 dB branch-line coupler essentially consists of a cascade of two 3 dB 
branch-line couplers. Based on the satisfactory result of the 3 dB coupler, we can now construct the 0 dB 
coupler. When we cascade the two 3 dB couplers, the distance between them should be chosed carefully to 
avoid coupling effect. The geometry is optimized using the computer, to achieve a more compact network 
while avoiding coupling effect. The final geometry of the 0 dB coupler and the FD-TD grid size are shown 
in Fig. 3.9. The FD-TD parameters are the same as in Fig. 3.5，except the domain size (238, 75, 16) and the 
number of time steps ( 20000 time steps ). 
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(b) FD-TD Simulation 
Figure 3.9 Geometry of the 0 dB branch-line coupler (a) Experiment and (b) FD-TD simulation 
The scattering results, shown in Fig. 3.10, again shows good agreement in the location of the 
response nulls and the transmission coefficient S^^, which is close to 0 dB. The scattering coefficient 
iS*ii，^21 and ^31 are always better than 25 dB around the operating frequency of 2.45 GHz. This result 
shows that the signal entering in the input port 1 is divided into two equal parts by the first 3 dB coupler 
79 
_— Chapter 3: Butler Matrix Analysis and Design 
and then recombined by the second 3 dB coupler towards the opposite output port 4. The other output port 
2 and 3 are being isolated. So, it performs like a crossover in the Butler matrix. The phase difference 
between port 3 and port 4 is not important, since, it only acts as a crossover. However, the phase difference 
between port 1 and port 4 is very important ( shown in Fig. 3.11 )，especially for the Butler matrix. The 
detail of it will be discussed in the following section. 
Magnitude of S parameter blue-S11, red-S21, magnet-S31, green-S41 
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Figure 3.1U ^lcattering parameters of the U dB brancti-line coupler 
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Phase for voltage (por4-por1) 
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3.2.3 4x4 Butler matrix Beamforming network 
As, we have already designed the 3 dB and OdB couplers. Now, we will connect them together to 
form the beamforming network. The 0 dB coupler acts as the crossovers and it also provides phase shift of 
the signal (in Fig. 3.11). Thus a phase shifting section should be added to compensate the phase shift. 
Fig.3.12 shows the 4x4 Butler matrix after adding phase shifting section. 
© | ^ ^ x ^ ^ _ 
m ^ 
^ s ^ ^ ^ /'^"^f C190/ Phase shifting section 
A ^>4^ A X 
M ^ ^ ^ \ ^ fc) — O ^ c o u p l e r 
1^  ^ 
Figure 3.12 4x4 Butler matrix with phase shifting section. 
The phase shifting sections should be designed carefully by using FD-TD. Since apart from the phase 
accuracy, the geometry also needs to fit properly in the network. Fig. 3.13 shows the conversion ofthe 4x4 
Butler matrix network prototype into an actual layout. 
5 6 7 8 5 6 7 8 
( ^ \ ^ > < ^ ? ^ ^ 令 L p j ^ ^ ^ p ^ f 
_f""^^J hl rM^^ 於 \ 
^ ^ 1 5 ^ J ^ h 0 dB coupler ( \ = ^ \ Phase shifting 
^ ^ Y^ N ^ ^ ^ k section 
X X J ^ I ™ T p ^ - - t ^ ^ m ^ : ^^ 0 =^^ =^^ ^^ iy^ J^ , 
I S " ^ | W ^ ~ l j h 3 d B c o u p l e r U ~ ' 
P I 3 4 1 2 3 4 
Figure 3.13 Conversion of the 4x4 Butler matrix network prototype. 
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Fig. 3.14 shows the input geometry file of the FD-TD program which is based on the actual size of the 
network. In this simulation, Gaussian source is applied at port 1 and voltages are then taken at all ports 
until the impulse response decay to zero. The scattering coefficient results are unsatisfactory, as shown in 
Fig. 3.15. The �d o e s not resonate at 2.45 GHz, the transmission loss S^^ is about -11.5 dB but not 
close to -6 dB. From these results, I conclude that there must some mismatch in the network. In order to 
solve this problem, another simulation is done by using continuous sine wave as the input source to obtain 
the standing wave pattern. Fig. 3.16 shows the Ez standing wave distribution of the network. We can see 
that strong reflections exist at those corners in the phase shifting section. To tackle this problem, we should 
smooth those transitions or by using chamfered corners. In fact, the most efficient way is to remove 
corners while minimizing the network size. 
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Figure 3.14 FD-TD geometry input file of the 4x4 Butler network. 
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Magnitude of S parameter blue-s11, magnet-s51, green-s61, red-s71,black-s81 
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Figure 3.15 Scattering parameters of the 4x4 Butler matrix network. 
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Figure 3.16 The Ez standing wave distribution of the 4x4 Butler matrix network. 
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In order to reduce the number of corners, we should adjust the phase shift of the 0 dB coupler to 
replace the phase shifting sections. In Fig. 3.17，when no corner exist, L1 should be: 
儿义 
L1 =丄 + linewidht(50a) = 16.911mm + 1.504mm = 18.415mm 
4 
\ 
where the — and the line width is obtained from Fig. 3.9. By using HP-Eesof, the phase shift of L1 is 
—970 . So, the phase shift of the 0 dB coupler should be [ - 9 7 � - ( - 4 5 � ) ] = -52^，which is equal to 
- ( 5 2 + 3 6 0 ° ) 二 - 4 1 2 " . By using FD-TD, we can obtain the phase shift ( - 4 1 2 ^ ) ofthe 0 dB coupler 
by adjusting the length L2. Similarly, L3 and L4 are obtained by the same procedure. Again, we simulate 
the improved 4x4 Butler matrix by using FD-TD. The scattering coefficients and phase differences are 
shown in Fig. 3.18, which shows good agreement between the simulation and measurement results. The 
operating frequency is shifted to 2.53 GHz. For the transmission coefficient ( S51, S61, S71, S81 ), 
difference between the simulation and measurement is less than 土 3 dB. The input return loss ( S l l ) was 
more than 35 dB down. Since the input power is evenly distributed among the four output ports, the 
ideal insertion loss should be 6 dB down. Right now they are around 7 - 8 dB down. In terms of 
phase accuracy, for example, when inputting a signal at port 1, the progressive phase shift at the 
outputs are nearly -45° which was very close to the ideal case. 
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Figure 3.17 4x4 Butler matrix network with reduced corner. 
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MagnrtudeofS parameter blu^11, magnet-s61, greervs61, rect-s71.cyan-s81 Magnitude of S parameter blue-s11, magnet-s51, green-s61, rec*-s71,cyan-881 
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phase for voltage (p0rt7j30i6) phase for voltage (port8^)or7) 
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Figure 3.18 Scattering coefficients and Phase differences ofthe improved 4x4 Butler matrix network 
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Figure 3.19 The Ez standing wave distribution of the improved 4x4 Butler matrix network. 
Figure 3.19 shows the Ez standing wave distribution of the improved network, which demonstrate that no 
mismatch exists in the network. According to measurement results, we obtain those scattering coefficients 
and output progressive phase shifts separately for signal entering in port 2, 3 and 4. Those results are also 
very close to the ideal case and will not be repeated here. 
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In order to choose the most suitable beamforming network for the multibeam antenna, various 
network architecture and orientations were tested by using FD-TD. In paper [14], the layout of the 4x4 
Butler matrix is shown in Fig. 3.20. In this case, the 0 dB couplers are rotated by 9 0 �a n d chamfered 
corners are used. Fig. 3.21 shows the simulated scattering coefficients, which performs similar to the 
previous 4x4 Butler matrix network. However, the network size is much bigger than that of our design 
(+30%). Because of that, we settled with our design. 
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Figure 3.20 Layout of the 4x4 Butler matrix 
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Magnitude of S parameter blue-s11, magnet-s51, green-s61, red-s71,yellow-s81 
i : ^ ^ B 
S _ 3 0 A U  
5 丨‘ 
CO 
‘ � i  
-50 
•60I  
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 
GHz 
Figure 3.21 Mcattering parameters 0! tbe 4x4 Hutler matrix network. 
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Chapter 4: Multibeam Array Analysis and Design 
4.1 Array Architecture 
Patch array can take many different forms. Radiating elements may be printed dipoles, microstrip 
patches or slot elements. Feed circuitry may be in microstripline or in stripline form. Several combinations 
then exist for the interconnection of feed lines to radiating elements. One approach is to etch the radiating 
elements and feed lines in microstrip form on the same substrate, while other approaches use two or more 
layers to separate the radiating elements from feed circuitry. These methods will be discussed in the 
following sections. 
To make the four radiation beams cover the azimuth direction evenly, the elements spacing 
should be chosen carefully, because the progressive phase shift of the beamforming network is fixed 
(一 4 5 �, 1 3 5 " , - 1 3 5 " ,45") . We will design the network so as to obtain the maximum scan range while 
avoiding grating lobes, we define the four beams to be formed at the azimuth direction of 
Q = ±30® ,±60° . From equation (2.4.10), a grating lobe will not appear if the element spacing, d, does 
not exceed: 
“ ^ ^ l + s i n ( 0 J 
where 6^ is the main beam angle. The 4x4 Butler matrix network is operating at 2.53 GHz. Thus d should 
3xlQ8 
be： d< 2 .53x lO ' = 6 3 . 5 m m (4.1.1) 
l + s in (60") “ 
where we choose0^ = 60" for the worst situation. By equation (2.4.9): 
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J s i n ( 0 j = l 
4 J s i n ( 6 0 ^ ) = J ' ( f o r 0 � = 6 O " ’ d， = 1 3 5 � = 3 A J 8 ) / / 
. cT 0 . 0 4 4 � 1 ^  / ^ X / r:» d = 二 = 5l3mm 尸 /%_/ 
sin(60") 0.866 ^ ~ 气 V • • 
d 
So, we choose d=50mm for the antenna spacing, which is, satisfy (4.1.1). 
4.2 Antenna Design 
The low profile, lightweight and conformability of microstrip antennas are favorable features for 
many applications that actually outweigh their narrow frequency bandwidth limitations. Actually, there are 
many antenna choices for microstrip antennas with different properties. 
4.2.1 Antenna Choice 
A) Microstrip Dipole 
The small size of dipole antennas makes them attractive for many applications but also results in 
very narrow frequency bandwidth. No transverse currents flow on a narrow dipole, thus the cross-
polarization level is inherently low. 
B) Rectangular Microstrip Patch 
Microstrip patches present a somewhat broader bandwidth than dipoles, of the order of a few 
percent. In contrast to dipoles, patches may excite some surface current flowing across the transverse 
direction, which then radiates an unwanted crosspolarized component. The geometrical shape most 
commonly used to realize microstrip patch antennas is the rectangle. A rectangular patch is considered to 
be an open-ended section of transmission line of length L and width W, which shows in Fig. 4.1. 
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The fringing fields at the two open ends are accounted for by adding equivalent lengths AL at both ends. 
The resonant frequency is: 
f = f = (4.2.1) 
2(L + A L ) ^ 
where £哦 is the effective permittivity. 
/ ¢^/. ^ 
�:;'�v--^^r^-yy:-g^ ...^mi'imi/ 
Figure 4.1 Rectangular patch antenna 
C) Circular Patch 
Circular patches were reported to lose energy by radiation and thus provide larger quality factors 
than rectangular patches [15]. The resonant frequency is determined by assuming that a perfect magnetic 
wall extends under the edges of the patch in Fig. 4.2. Fringing field are taken into account by defining an 
effective resonator radius a^，which is slightly larger than the physical radius a. 
/ © ^ / �" " ^ ^ / / 
^:^rm^m-f'^m:0tmW^^ 
Figure 4.2 Circular patch antenna 
The resonant frequency is: 
4： _ ^^ mn , ^ ^ ^ � 
Jmn - r = (4.2.2) 
^P^e4^eff 
where Xmn is the mth extremum of the Bessel function J^ . The effective radius (a^) is: 
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L 2h, .7Ta ^ n ^ , � 
a, =aJl +—ln(——+ 1.7726) (4.2.3) 
V na 2h 
where h is the dielectric height. 
D) Compact Patch 
A new geometry for a patch antenna with reduced size, which gives a lower resonant frequency 
than the rectangular patch [16]. The geometry is shown in Fig. 4.3，which consists of a drum shaped patch 
with coaxial feed at x. The resonant frequency is found to be decreasing with a decrease in W^ • It is also 
noted that, for a particular value of Wc, resonant frequency reduces with increase in the irregular side 
length L. The resonant frequency is: 
. c , 1 . 1 5 2 � 
/ = r 7 7 = ( ^ - ) (4.2.4) 
2 Z ^ V ^ Rt 
where R = ^ [ 0 ^ + 2A/) + ( W ^ A / ] ) 
t 2 0 y + 2A/)GS + 2A/) 
^ _ 0 .412 /z (e# +0 .3 )0^ , //z + 0 .262) 
( £ f - 0 . 2 5 8 ) ( W . / ^ + 0.813) 
〜 = ( 竿 + ( 罕 ) ( 1 + 导 ) - * 
w , = ^ 
‘ 2 
I ^ A I ^^ 
Figure 4.3 Compact microstrip antenna� 
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E) Annular Resonators 
An annular resonator is a circular patch with a hole in the center, which therefore presents circular 
symmetry characteristics. The radiation patterns are also similar to those of the circular patch. Larger 
annular resonators are also obtained by bending a microstrip line that in several wavelengths long ( shown 
in Fig. 4.4). So, the end effects are avoided and the effect of curvature was found to be insignificant when 
the line in very thin (w « R ). The resonances frequency occur when: 
, 2jtR 
A„ 二 —— (4.2.5) 
n 
where R is the radius, n is an integer and A^ is the guided wavelength. Ring resonators provide simple 
experimental means to determine the wavelength and are used to characterize microstrip lines and substrate 
properties. 
/ o r y 
； : � f < t w> ： '^'^9mf^m0^W 
Figure 4.4 Ring resonator 
F) Antenna choice for the 4x4 Butler Matrix Network 
Owing to the fixed network size, there are enough space to accommodate different types of 
antenna. So, the size is not the main consideration. In the 4x4 Butler matrix network, rectangular patch is 
used. In fact, rectangular patch is the most common shape of microstrip antenna and is investigated 
extensively by many researchers. It is sometimes combined with short stubs, while slits and notches can be 
cut in the edges of the resonator [17] to reduce the antenna size, the crosspolarization, the sidelobe level or 
the coupling between ports in the case of dual polarization antennas. In addition, the shape of rectangular 
patch also makes it suitable for FD-TD analysis. 
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4.2.2 Choice of Feeding and Matching Technique 
After choosing the most appropriate microstrip antenna "rectangular patch" for my network, the 
means of excitation of the radiating element is an essential and important factor, which requires careful 
consideration. In the previous section (2.4.1), different types of feed mechanisms have discussed. 
Aperture coupling is the best choice, since the radiating elements are completely shielded from the feed and 
spurious radiation from the feed does not degrade side lobe levels. It is also an attractive alternative to 
probe coupling. No extra components or assembly processes are needed, the only requirement is that the 
common ground plane should contain etched aperture accurately positioned below the microstrip patch and 
above the feed line. 
4.2.3 Basic Antenna Parameters and Measurement Technique 
A) Radiation Pattern 
The radiation pattern defines the spatial distribution of the power radiated by the antenna and 
normalized with respect to its maximum value. In most cases, the radiation pattern is determined in the far-
, 2 D \ 
field region ( r > ~ - ~ " ) and is represented in polar coordinates. Antenna performance is often described 
A 
in terms of its principal E- and H-plane patterns. For a linearly polarized antenna, such as rectangular 
patch, we define the E- and H-plane in Fig. 4.5. The direction of the electric surface current, shown with 
white arrows, is longitudinal. 
E-plane 
. / H-plane 
^^^ 
{/ 
Figure 4.5 Principal patterns of microstrip patch antenna. 
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To determine the pattern experimentally, two antennas are needed: the one under test being rotated and the 
other one remains fixed. The antenna under test (AUT) is mounted on an electromechanical system with 
one or more degrees of freedom, called a positioner. An Automatic Network Analyzers usually measures 
the transmission between the two antennas. Then, for each spatial position (elevation and azimuth), the 
complex transmission coefficient between the two antennas is measured and stored. The experimental data 
can be treated and displayed in two-dimensional plots of the antenna patterns. 
B) Radiation Pattern Lobes 
The radiation pattern usually comprises a few distinctive lobes which indicates direction/region 
where the antenna radiates most or receives best. The main lobe is usually in the frontal direction for 
directive antenna, typically the strongest. The next higher one is called the first side lobe and the difference 
between the main lobe and the first side lobe is called the “ side lobe level，，. In Fig. 4.6, the side lobe 
level is exactly -lOdB or 10 dB down. The lobe immediately opposite the direction of the antenna is called 
the back lobe. The ratio between the front and back lobe is called the “ front-to-back ratio", which is -
20dB in this case. The half power beamwidth , which also called 3 dB beamwidth, is a property of the 
main beam of a directive antenna. It is the extent from left to right of the two points which are 3 dB below 
the maximum direction. 
3 dB beamwidth 
V~7 
\ � Z Main Lobe 
^ A ^ ^ ^ r ^ ^ �O d B 
3 1 5 > V ^ ' / l J ^ ^ ^ > V 4 5 ° 
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^ ¾ -
2 7 0 ° i ^ ^ > K Y ^ h 9 0 �L - -30dB 
I : 4 , V X ^ , ^ 
3 dB down circle X^[^^x^^^^^ _ ^ K ^ \ ； ^ 
225^^：^、 —^^5^35。 
180° Back Lobe 
Figure 4.6 Radiation lobes and beamwidths of an antenna pattern. 
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C) Antenna Gain 
The gain of an antenna, in a given direction, is defined by the ratio of the power radiated by the 
antenna to that radiated by a hypothetical lossless omnidirectional antenna, which is fed with the same 
input signal. To determine the gain, one measures the power fed to the transmitting antenna and the power 
collected by the receiving antenna and then uses the Friis transmission formula: 
P , = P , f i f i ^ a i ^ 7 t R f (4.2.6) 
where P^  is the received power, Pj,, is the power fed to the input of the transmitting antenna, Gt and Gr are 
the gain of the transmitting and receiving antenna, respectively. R is the distance between the two 
antennas. The ratio P/Pin is measured, and since X and R are known the product G^Gt can be deduced. 
The gain of the source antenna is a high-accuracy antenna that was originally calibrated in a standards 
laboratory. 
D) Input Impedance 
The input impedance of an antenna's port is measured just like that of any other device, with other 
ports properly terminated into matched loads, and with the antenna pointing towards a reflection-free 
region of space. The Automatic Network Analyzer is the most adequate instrument to measure the input 
impedance of an antenna. Since it provides a wide variety of output formats, the antenna match can be 
displayed either on a dB scale, or plotted on a Smith chart. 
E) Bandwidth 
Bandwidth is simply the range of frequency where the performance of antenna satisfies certain 
standard. 3 dB bandwidth is the most commonly used criteria, where the transmitted power is greater than 
3 dB below the maximum at the center frequency of the antenna. 
In broadband antennas, bandwidth is often quoted in terms of the ratio of the upper and lower 
frequency bounds, for example, 10:1 bandwidth for an antenna with 3 dB bandwidth from 2 to 20 GHz. In 
narrowband antennas, the bandwidth is often quoted in terms of percentage bandwidth, such as 10% 
bandwidth for an antenna with 3 dB bandwidth from 1.8 GHz to 2 GHz and center frequency of 1.9 GHz. 
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4.2.4 FD-TD Characterization 
In this section, we design the array element with the help of the FD-TD program. As discussed 
before, the 4x4 Butler matrix network was designed at 2.53 GHz. Thus the radiating element "aperture 
coupled patch" should be designed at this frequency. In section (2.4.1) the design methodology of the 
aperture coupled patch have been discussed with the given example. The geometry of the example is show 
in Fig. 4.7 and the resonant frequency is 2.4 GHz. 
^ ~~n Nylon screw 
( B ^ 29.699mm 一 歌 一 
i i 
4 m m 10.25mmf f | 26mm 
t ： — i : Z D 
W - I ~ ~ • 
^ 13.11mm 
� • • d D 
Figure 4.7 Geometry of the Aperture Coupled Patch Antenna. 
In order to shift the operating frequency from 2.4 GHz to 2.53 GHz, the patch length should be 
shorter than 29.699mm. By means of optimization cycles at computer using FD-TD, different patch 
lengths have been simulated. The result shows that the optimal patch length is 28.16mm. The simulation 
result together with the measurement result are shown in Fig. 4.8. The measured return loss is -24 dB at 
2.523 GHz, which is close to the simulation result. However, the measured 3 dB bandwidth is 167 MHz, 
which is larger than the simulated result (78 MHz ). This source of error comes from the existence of air in 
between the substrates, which is not accounted for in the FDTD simulation. 
Another simulation is to input a CW source to obtain the far-field radiation pattern of the patch. 
The running time step is 8000 and the pattern is calculated for every 10°. The domain size is 100x100x100 
and Ax 二 A>^  = Az 二 0 .4mm . So, the simulation time is much longer than without farfield calculation. 
Fig. 4.9 and 4.10 shows the E-plane and H-plane radiation pattern of the simulation and measurement 
results. Those results match very well except some side lobes in the measurement results. Which is due to 
nylon screws and coaxial cable in the measurement setup that changes the field pattern. 
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Figure 4.8 Scattering parameter of the aperture coupled patch. 
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Figure 4.9 H-plane radiation pattern of the aperture coupled patch. 
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Figure 4.10 E-plane radiation pattern of the aperture coupled patch. 
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Figure 4.11 Comparison of characteristics of FD-TD and Measurement. 
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One important point to note is that we use a square grid in the far-field simulation, thus the size of the 
antenna does not fit exactly. In above table, Fig. 4.11 compares the antenna characteristics between FD-TD 
and measurement. The directivities are calculated by post-processing of the far-field radiation data in the 
FD-TD and by the software “ Linplan ". Those simulation results are quite close (FD-TD=5.064 dBi, 
Linplan=5.5 dBi), except when compared with the measurement result (8.313 dBi). One reason is that the 
4冗 
Kraus equation (D^ = ~ ) we use when we calculate the directivity from measured radiation 
^rl^r2 
pattem only gives better results for much narrower beamwidths [18]. 
4.3 Multibeam Antenna Design and Optimization 
After we have designed the array element and the beamforming feed network, we should combine 
them together for the multibeam antenna. To obtain the 50mm element spacing, we can extend the feed 
network at the four outputs. We have to make sure that all the extensions are equal phase, because any 
phase error will degrade network performance. Fig. 4.12 shows the multibeam antenna geometry. 
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Figure 4.12 Geometry of the Multibeam Antenna 
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Because the farfield simulation of the multibeam antenna requires a large memory size ( >2Gb ) and the 
computational time is too long, thus I skip the simulation. For the measurement, farfield pattem is 
measured in an anechoic chamber. Signal is input to the 4 input ports separately, one at each time while the 
other ports is connected to match loads to obtain different beams direction. Fig. 4.13 shows the 
experimental H-plane radiation patterns of the antenna at the center frequency 2.53 GHz. You can see that 
the back lobes are even greater than the main lobe and some grating lobe exist for • = 0^. This 
phenomena demonstrates that the beamforming network behind the antenna also radiate and in this case, 
radiates even better than the antenna. Of course, when using direct feed or electromagnetic couple feed, the 
result will be much worst. It is because for aperture couple feed, the two functions of radiation and feed 
network are completely separated by the ground plane between the radiating patch and the feed network. 
0 
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Figure 4.13 H-plane radiation patterns of the Multibeam Antenna. 
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To solve this problem, the design must include a metallic backing plate, located far enough from 
the microstrip line so as not to affect the performance of the feed. We use foam to support the metallic 
backing plate, since its relative permittivity is 1.03, almost the same as free space and is very light weight. 
The design is shown in Fig. 4.14, the backing plate is a box like structure and we use copper tape to shield 
all possible fieId leakage. The measurement result, as shown in Fig. 4.15, indicates the back lobes are now 
suppressed by the backing plate. The front-to-back ratios are 12dB, 6dB, 4dB and 10.5dB in port 1, 2，3 
and 4, respectively. The grating lobes still exist for • = 0 �i n port 2 and port 3, but we can eliminate these 
I lobes with some techniques, which will be discussed in later, 
i 
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^ ^ ^ ^ ^ ^ ¾ ¾ ! ; : 
_ Foam I 10cm 
l _ _ _ i i l . mmmmm^m^memm^mrnm^m^mi^ms^xmM^^^m^^m^^ 
Metallic backing plate 
Figure 4.14 The Multibeam Antenna with backing plate. 
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Figure 4.15 H-plane radiation patterns of the Multibeam Antenna with backing plate. 
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4.4 Stripline Fed _ Multibeam Antenna 
The backlobe reduction of the Multibeam Antenna with backing plate, demonstrates that feed line 
shielding is very important. However, the existence of backing plate also affects the Butler matrix network 
performance. Originally, in Fig. 4.13, if we neglect the grating lobes and back lobes for the time being, you 
can see that the 4 beams points at ± 1 5 " and 士 45" . That means the beam forming network is working 
and producing different progressive phase shift according to each input port. When we imnplement the 
backing plate as in Fig. 4.15，the beam in port3 is pointing at 60" instead of 45^ . So, the backing plate 
will affect the progressive phase shift of the network. 
The feed line with backing plate actually becomes an inhomogeneous unbalanced stripline, which 
is not a microstripline. So, the performance is changed. In fact, we can use a homogeneous stripline, it 
provides a thinner design with lower feed line loss and lower cost. Since, the effective dielectric constant 
between stripline and microstripline are different, we have to design all the components in the 4x4 Butler 
matrix network again! 
4.4.1 Design Methodology of the Stripline 3 dB Hybrid 
In order to reduce feed line loss and the risk of surface-wave excitation, we continue to choose the 
thinner substrate, 0.8mm thick FR4 with £^ = 4.1. The design methodology of 3 dB hybrid using 
stripline is the same as microstrip line, except the circuit parameters, such as characteristic impedance and 
line width, have changed. Fig. 4.16 shows the geometry of the stripline 3 dB hybrid designed to operate at 
2.32 GHz. Those dimensions are obtained using HP-Eesof (MDS). 
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Figure 4.16 Geometry of the stripline 3 dB Hybrid. 
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The measured scattering coefficient and the phase difference are shown in Fig. 4.17. The Sn and S21 nulls 
occur at the same point (2.45 GHz ) and S31=-3.7dB, and S41= -3.5dB. The phase difference is 85° at 2.45 
GHz. The resonance frequency is shifted from 2.32 GHz to 2.45 GHz. When the entire edge of the hybrid 
was covered by copper tape (Fig. 4.18), the frequency shifted back to 2.3 GHz and the crossover existed in 
S31 and S41 at -3.5dB. The phase shift remains the same, anyway it serves as a starting point for me to 
optimize the 3 dB hybrid by changing the X / 4 length. Similarly, by means of optimization cycles using 
FD-TD, we proceed to make the phase difference close to 90� 
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Figure 4.17 The scattering coefficient and phase difference ofthe stripline 3 dB Hybrid. 
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Magnitude of S parameter blue-s11, magnet-s21, green-s31, red-s41 
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Figure 4.18 The scattering coefficient of the stripline 3 dB Hybrid with copper tape shielding. 
The space steps used in the FD-TD analysis were Ax = Ay = 0. l91ntm and 
Az = 02661mm . The domain size was (x, y, z) = (275, 133，16). A balanced resistive voltage source, 
applied above and below the stripline, was excited at the input port. The other ports were matched using 
balanced resistive load. Voltage at each port was taken and the scattering parameters obtained using 
Fourier transform of these voltages. Based on the simulation results, we obtained the X / 4 length = 
16.33mm. The scattering coefficient results, shown in Fig. 4.19, shows good agreement with the measured 
data. The operating frequency is 2.32 GHz in both simulation and measurement with retum loss always 
better than 25dB. The simulated and measured S l l are -33 dB and -30 dB, respectively. The simulated 
and measured S2i are -27 dB and -37 dB, respectively. The simulated and measured S31 are -3.8 dB and -
3.8 dB, respectively. The simulated and measured S41 are -3.2 dB and -3.24 dB, respectively. The 
different between the simulated and measured Sll，S21, S31 and S41 are 3 dB，10 dB, 0 dB and 0.04 dB, 
respectively. The mean prediction error is 3.26 dB. At the crossover point S31 and S41 are both 
approximately -3.5 dB, indicating that the power is evenly divided between port 3 and 4. The 0.5 dB loss 
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in port 3 and port 4 may be due to surface wave loss. Fig. 4.20 shows the phase difference between port 3 
and 4, the simulation results is 90�and the measurement result is 93°. The difference is only 3。，which is 
pretty good for prediction of phase shift. In the following section, we will use this geometry to implement 
the 4x4 stripline Butler matrix network. 
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Figure 4.19 l he scattering coefficient of the optimized stripline 3 dB Hybrid. 
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4.4.2 Design Methodology of the stripline 0 dB Hybrid 
Similarly, we cascade the two stripline 3 dB Hybrids to form the stripline 0 dB Hybrid. In 
addition, the length of the 0 dB Hybrid is also adjusted to compensate for the existence of corners in the 
phase shifting section in the 4x4 Butler matrix. After the optimization cycles, the finalized geometry is 
shown in Fig. 4.21. Fig. 4.22 shows the scattering coefficient and the phase difference results, again 
showing good agreement between measurement and simulation results. The simulated and measured S11 
are -25 dB and -17.5 dB, respectively. The simulated and measured S21 are -32 dB and -33.4 dB, 
respectively. The simulated and measured S31 are -24 dB and -24.2 dB, respectively. The simulated and 
measured S41 are -0.7 dB and -0.72 dB, respectively. Thus, the different between the simulated and 
measured S11, S21, S31 and S41 are 7.5 dB, 1.4 dB, 0.2 dB and 0.2 dB, respectively. The mean prediction 
error is 2.3 dB. The input return loss in port 1 and the transmission loss of the isolation port 2 and port 3 is 
more than -17 dB at 2.32 GHz. The transmission loss in port 4 is about -0.7 dB. The results imply that 
signal entering the input port is almost completely transmitted to the opposite output port. The phase 
difference between port 1 and port 4 is 408° for simulation and 401° for measurement. The difference is 
only 7° at the operating frequency. 
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Figure 4.21 Geometry of the stripline 0 dB Hybrid: (a) Experiment, (b) FD-TD. 
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Magnitude of S parameter blue-S11, red-S21, magnet-S31, green-S41 
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Figure 4.22 The scattering coefficient and phase difference of the stripline 0 dB Hybrid. 
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4.4.3 Design Methodology of the stripline 4x4 Butler Matrix Network. 
In order to avoid corners in the phase shifting section, the phase shift of the 0 dB Hybrid should 
be 4 i r , thus we should add 10 more degrees in the 0 dB Hybrid. To design the stripline 4x4 Butler 
Matrix network, extra care is needed when compared with the microstrip version. It is because the line 
width is only one half of the microstripline and 0.788mm fabrication or calculation errors will cause 4.5° 
phase error. For this reason, we divided the stripline network design work into two parts. First, we design 
the network without crossover placed at the output port, which helps to reduce the network complexity. 
After making sure the first part is working, we go to the second part to design the whole network. The 
procedure is shown in Fig. 4.23. 
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Figure 4.23 Design procedure of the stripline 4x4 Butler Matrix Network. 
For the first stage, again by FD-TD simulation cycles, we obtain the desirable phase shift at the 
output ports. Fig. 4.24 shows the scattering parameters and the phase difference results and Fig. 4.25 
compares those results between measurement and simulation. The difference is below 1.5 dB for 
predicting the amplitude and below 3 �f o r predicting the phase. By measurement, we obtain the entire set 
of results with input signals at all ports. Those ports perform similar to port 1 with desirable phase shift 
and amplitude. 
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Figure 4.24 The scattering coefficient and phase difference ofthe 4x4 Butler Matrix. 
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^H^^^^^^^^^B^^^^^^^^^^3 
Input return loss (S | , ) -20.6 dB -21.4 dB 0.8 dB 
Transmission loss: S51 -7.8 dB -8.0 dB 0.2 dB 
Sf,, -8.0 dB -9.5 dB 1.5 dB 
S71 -7.9 dB -8.7 dB 0.8 dB 
Sn -7.5 dB -8.6 dB 1.1 dB 
Phasc cIiftcrence (port 6 - port 5) ~ ^ 0 
Phase ditfcrcnce (port 7 _ port ft) ^ ^ 3 
Phase differencc (port8 -por t7 ) -45° ^ 0 
Figure 4.25 Comparison between FD-TD and Measurement. 
In Fig. 4.23, we observe that in the second stage the geometry of the 0 dB Hybrid at the output 
have changed, which makes it suitable for feeding the array element with spacing equal to 50mm while 
reducing the number of corners. Actually, the 0 dB Hybrid placed at the output can interchange the two 
central outputs ( 6 and 7 ) to achieve the progressive phase distribution for feeding the elements. Fig. 4.26 
shows the input parameters and geometry of the FD-TD simulation in stage 2. When we carry out the 
simulation, we find the progressive phase shift at the outputs are undesirable. We devise a method to solve 
this problem efficiently. To site an example in Fig. 4.27, A, B, C, and D are the phase shifts obtained in 
stage one and E, F, G and H are the phase shifts obtained in stage two. Thus, we can find all the phase shift 
sections at the output XI, X2, Y1 and Y2. Since ( A, B, C, D) are the correct values, we just change the 
values of ( XI, X2, Y1, Y2 ) to make ( E, F, G, H ) correct and make sure that Xl=X2=Yl=Y2. 
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The Stripline 4x4 Bulter Matrix Network 
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Figure 4.26 FD-TD input parameters and geometry of the stripline 4x4 Butler Matrix Network. 
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First stage results A B C D 
Figure 4.27 Design technique of the output network. 
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Fig. 4.28 shows the scattering coefficient and phase difference in stage two. This time signal 
entering into the four input ports are simulated and compared with the measurement results. Fig. 4.29 
shows the comparison in table form, the phase difference shows that they are the equivalent value when 
compared with the graph, such as in Fig. 4.28 (8)，317�is equal to 317� -360�= -43� . The mean error of the 
transmission loss prediction is 0.85 dB and return loss is 11.35 dB. The mean error of phase difference is 
6.8 degrees. The measured progressive phase shift shows good agreement with the ideal case. The 
measured return loss is always better than -15 dB over the whole operating frequency band. The 
transmission loss is about -7 ~ -9 dB, which deviate slightly from the ideal transmission loss of -6 dB. 
Actually, some losses are due to the material (FR4) which has a high loss tangent of 0.01 when compared 
with other traditional microwave frequency substrates, such as RT Duriod (0.001). In addition, corners 
existing in the network cannot be avoided and they will cause reflections. 
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( 1 ) Magnitude of S parameter blue-s11, magnet-s51，green-s61，red-s71,cyan-s81 
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( 3 ) Magnitude of S11 parameter 
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( 5 ) Magnitude of S61 parameter 
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( 7 ) Magnitude of S81 parameter 
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( 9 ) Phase for voltage (port7-por6) 
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( 1 1 ) Magnitude o f S parameter blue-s22, magnet-s52, green-s62, red-s72,cyan-s82 
l : ^M 
i - \~~I— 
-50 ： . 
- 6 o l  
0 0.5 1 1.5 2 2.5 3 3.5 4 
GHz 
( 1 2 ) Magnitude of S parameter b!ue-s22, magnet-s52, green-s62, red-s72,cyan-s82 
i : | | I ^ S 
I-———V f— 
-50 
-60" 1  
0 0.5 1 1.5 2 2.5 3 3.5 4 
GHz 
121 
Chapter 4: Multibeam Arrav Analysis and Design 
( 1 3 ) Magnitude of S22 parameter 
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( 1 5 ) Magnitude of S62 parameter 
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( 1 7 ) Magnitude of S82 parameter 
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( 1 9 ) Phase for VDltage (port7-por6) 
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( 2 1 ) Magnitude o f S parameter blue-s33, magnet-s53, green-s63, red-s73,cyan-s83 
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( 2 3 ) Magnitude of S33 parameter 
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( 2 5 ) Magnitude of S63 parameter 
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( 2 7 ) Magnitude of S83 parameter 
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( 2 9 ) Phase for vDltage (port7-por6) 
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( 3 0 ) Phase for voltage (port8-por7) 
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( 3 1 ) Magnitude of S parameter blue-s44, magnet-s54, green-s64, red-s74, cyan-s84 
1 j j 1 j 1  
^ i i i 丨 i i n • ： ： ： ： ； ： 
^ ^ M»»«»«»«»>»«»««>«»«»«f«l»»»H««»«»»ll»f»«««».»«»f»»»f»..».-...............|..-.-.-..-..- 令- - ^ - j. 廿- --�-1-|1-1�1 |-|.TJ_ 
io^i^ / i i ^c;^^sOV=+^ 
_ I M '*'^ Jr xi""*r *r*TT"** •>/>••« 7>^3L,<SL.,. ....»/.«........»j..>.............Y"r*^  
h^^® 
^^ "50 "'"*1 "*/<""t#"j*"i.". /r^ '^^ "^*'*""*^ *"t*" ««l»»__"i “ — •»*+__••. ....^ ....,....  
f i 丨 ¥丨 ！ 丨 i in 丨 丨 丨 丨 ； i 
w 丨 丨 丨 A I 
Tf 5 • / ： 
^ -40 - i f i" ....i i y.. ..i i i  
^ i i i I i I 1 I I i I I i ： j ： ： ： ： ： 
•^^^^ -•"•.••••"••.•"•,••,—•.••••••.",•••• ：••• -".*••“•"•_•":•" •••••"•.•:•••• "••••":•"•"“"••.••,"•_,.:“_••"••. “•••••••:•."••”•.•"•_•••*« 
i I i I I I j 
i i 1 I ： i 
j ： ： ： ： • 
! ： I ！ ： ; 
I i i i I i 
视 1 i i i i i i  
0 0.5 1 1.5 2 2.5 3 3.5 4 
GHz 
( 3 2 ) Magnitude of S parameter blue-s44, magnet-s54, green-s64,red-s74,cyan-s84 
I~~n I r~~！—I—I— 
U _.""","".""."""i"""_""""."""""j" … • • • • … … • • • ！ … • … … … • • … • … • … 各 … … … … “ … … … “ 各 … “ … … … … … … “ 去 ， •••••&••••*•"•••"•••,•*••••• 
^^¾ 
r — I — . v — I — F — I — — I . . . . * . — 1 . — \ 
^ I ： I I I j 1 
^ " i^u ••••"•“••"•••••"••••“" ” _ • • • • • " • • • “ • • " • • • • • " • <>ii< •••••…………••.各* . " . " " . " " " " . . 4 " " " " " . " . " " . . 4 " " " "  
C0 丨 丨 丨 丨 丨 丨 i 
— 丨 丨 丨 丨 丨 丨 I 
50 I I I I I I I •O^ J ••…•…•••……••:•…•…•…•••…••.:•••••"•••……•":•………•••………•+…… ••••.•••"•••_:••"•••••••••"•.••••••••:•••.•"•_"•••••.••••••,:.•••••••••••••••.•••••_— I      IM  _6Ql > 1 1 i 1 i i 0 0.5 1.5 2 2.5 3 3.5 4 GHz 
131 
Chapter 4: Multibeam Arrav Analysis and Design 
( 3 3 ) Magnitude of S44 parameter 
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( 3 5 ) Magnitude of S64 parameter 
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( 3 7 ) Magnitude of S84 parameter 
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Figure 4.28 The scattering coefficient and phase difference of the 4x4 ButIer matrix in stage two, 
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Figure 4.29 Comparison between simulation and measurement. 
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4.4.4 Design Methodology of the Stripline Aperture Coupled Patch 
The design technique is the same as before, Fig. 4.30 shows the antenna geometry. One thing we 
must keep in mind is that the entire edge of the antenna module is covered by copper tape to avoid field 
leakage and provides a common ground for the upper and lower substrates. The FD-TD simulation and 
measurement results are shown in Fig. 4.31. The operating frequency is 2.02 GHz with return loss = -5.3 
dB for measurement and -3.3 dB for simulation. To conclude, the antenna efficiency is too low, since the 
input impedance is not matched to 5 0 Q and energy cannot couple to the patch efficiently. Theoretically, 
the stub length is adjusted until the impedance at the design frequency is purely real and the aperture 
length controls the amount of coupling. However, extensive experiments and simulations have been 
carried out to optimization the antenna and the results are still undesirable. 
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Figure 4.30 Geometry of the stripline aperture coupled patch. 
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Figure 4.31 Return loss of the stripline aperture coupled patch. 
Parallel Plate Mode in Stripline 
The main reason we cannot obtain the desirable return loss for the stripline aperture coupled patch 
is the existence of parallel plate mode in the stripline. The parallel plate mode can be excited in a 
symmetric stripline ( both substrates having the same thickness and relative permitivity). Theoretically, the 
symmetric stripline itself does not excite this parasitic mode. However, any asymmetry in the fabrication, 
or discontinuity in the end launch excitation, does excite this parasitic mode to a level of concern [19]. The 
lower order parallel plate mode has zero cutoff frequency. When a significant amount of power is launched 
into the parallel plate modes, the radiation efficiency of patch antenna is reduced. Also, the parallel plate 
mode can cause mutual coupling between elements of an array, which may alter the amplitude and phase 
distributions. Typically, using asymmetric striplines ( two substrates of different dielectric constants ) can 
suppress the parallel mode. However, this method requires one substrate with higher dielectric constant, 
which is quite expensive and we also need to redesign all the 4x4 Butler network again. A practical way to 
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suppress the parallel-plate mode without significantly affecting the stripline mode is to introduce shorting 
posts around the stripline. 
Method to Suppress Parallel Plate Mode 
A novel design with half wavelength asymmetric short stub beyond the center of the coupling slot 
is used. The geometry is shown in Fig. 4.32, the stub length is twice as the stub used before. The 
asymmetric shorting post connects the stripline to the upper ground, which provides E-field null at the 
coupling slot. So, H-field is maximum at the slot and energy is coupled to the patch. In addition, the 
asymmetric short also provides an asymmetric media in the substrates that makes energy concentrate on the 
upper ground plane. Fig. 4.33 shows the simulation and measurement results. Standing wave magnitude 
pattern of Ez fields under the three substrates are plotted in Fig. 4.34. Fig. 4.34 (a) and (b) showing the Ez 
field null exists at the coupling slot and there are no parallel plate mode. However, in Fig. 4.34 (c), not 
enough energy is coupled from slot to the patch. In order to make sure the measurement is correct, which 
means energy is radiating out effectively instead of stored inside in the antenna, the transmission gain of 
the antenna is measured and compared with other direct feed antenna. The result shows that the gain of the 
stripline aperture coupled patch is 2.73 dB and the gain of the direct feed antenna is 2.64 dB. This implies 
that the excellent Sn in the measurement actually points to good radiating efficiency. 
Coming back to the measurement results in Fig. 4.33. There are three sets of measurements: (1) 
shorting post at the stub connecting the upper and lower ground plane, called "whole short", (2) shorting 
post at the stub connecting the upper ground plane, called “ asymmetric short", (3) asymmetric short and 
optimal coupling slot size for maximum coupling. In this figure, it shows 7 dB improvement between (1) 
and (2) and 18 dB improvement between (2) and (3). From (3)，the optimized slot size is 3mm x 18.1mm, 
the input return loss is -32 dB at 2.24 GHz and 3 dB bandwidth is 163 MHz. The operating frequency is 
shifted from 2.32 GHz to 2.24 GHz. So, the patch length should be changed for that frequency, 
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Figure 4.32 The stripline aperture coupled patch with shorting post plus asymmetric shorting stub. 
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Figure 4.33 Keturn loss of the stripline aperture coupled patch with asymmetric short. 
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Figure 4.34 Steady state standing wave Ez magnitude of the stripline aperture coupled patch with 
asymmetric short. 
4.4.5 Design Methodology of the Stripline Multibeam Antenna 
Basically, what we need to do is just combine the stripline aperture coupled patch and the stripline 
4x4 Butler matrix network. Fig. 4.35 shows the geometry of the Stripline Multibeam Antenna, shorting 
posts are only placed around the coupling slot but not in the whole beamforming network because the 
parallel plate modes are mainly excited at the coupling slot discontinuity in the upper ground plane [20]. In 
addition, adding shorting posts in the whole network will affect the performance of the 4x4 Butler matrix 
network. 
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Figure 4.35 Geometry of the Stripline Multibeam Antenna 
Fig. 4.36 shows the experimental H-plane radiation patterns of the Stripline Multibeam Antenna at 
2.32 GHz. Four beams are observed at the directions ( +20°, -20°，+50°, -55° )，that are close to the ideal 
directions (±30^,±60^) . However, grating lobes still exist for port 2 and 3 at 0。，with side lobe level 
equal to - 3 dB and - 5 dB, respectively. To deal with this problem, we use the simulation software 
"Linplan" to analyze the four element rectangular patches with the same progressive phase shifts and 
element spacing ( which does not include the feed network, and it assumes infinite ground plane ). The 
theoretical H-plane radiation patterns are shown in Fig. 4.37. The four beams point at the directions 
(±16^,±48^) . Similarly, grating lobes exist for port 2 and 3, with the side lobe levels equal to -5.52 dB 
at 0 �T h u s we know the grating lobes are natural product of our array configuration. 
To reduce the side lobe level, we introduce a taper in the amplitudes of the four radiating 
elements. Again, in the Linplan simulation, we use Gaussian amplitude taper and the results are shown in 
Fig. 4.38. The beam directions have been changed by using amplitude taper, the four beam directions 
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become (士14.50,土430) . The grating lobes are much suppressed at 0 �a n d the side lobe level becomes 
- 1 5 . 5 6 dB (which is not shown in the polar plot). 
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Figure 4.36 H-plane radiation patterns of the Stripline Multibeam Antenna. 
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Figure 4.37 H-plane radiation pattern of 4 element array by using Linplan. 
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Figure 4.38 H-plane radiation pattern of 4 element array with Gaussian Taper by using Linplan. 
Base on the above simulation results, we introduce amplitude taper in the Stripline Multibeam 
Antenna. For four elements array, excitation is highest at the center of the array, which is in output port 6 
and 7. Then we decrease it as one moves toward the edge, which is in output port 5 and 8. To implement 
the amplitude taper, we decrease the size of the coupling slot at output port 5 and 8 by copper tape. Fig. 
4.39 shows the result, the grating lobes disappear at 0° and the 4 beams point at 
( + 1 8 " , - 1 8 % + 3 5 " , - 4 0 " ) . Fig. 4.40 compare the results obtained in Fig.4.36 and Fig. 4.39’ it 
concludes that adding amplitude taper can suppress the grating lobe ( > 5 dB ) but it also reduce the beams' 
scanning extent. 
Fig. 4.41 shows another stripline multibeam antenna, which is made by outside circuit board 
printing factory, thus the process accuracy is more fine. In addition, we further optimize the coupling slot 
size (20mm x 2mm) in order to make the input impedance equal to 5 0 Q and without using amplitude 
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taper. The four beams point at directions (+24�，一24�,+60�，一57�) to provide the crossover depth of 
about - 3 dB and no grating lobe exists at 0° The highest side lobe level are -7.5 dB, -9 dB, -6.5 dB and -
6.5 dB in port 1，2, 3 and 4，respectively. Those side lobes only exist at the azimuth direction 
( + 8 0 。 < 伞 < - 8 0 ^ ) , so a signal coming in from the main beams directions will be less affected by the 
side lobes. The 3 dB beamwidths are 37。，60。，55�and 37° in port 1，2, 3, and 4，respectively. Because of 
diffraction at the antenna edge, the two beams near the azimuth directions +60�and —57�have larger 3 dB 
beamwidths. Fig. 4.42 shows the E-plane radiation patterns of signal going into port 1，the 3 dB elevation 
beamwidth is 9T and the front-to-back ratio is ~6.5 dB. 
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Figure 4.39 H-plane radiation patterns of the Stripline Multibeam Antenna with amplitude taper. 
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Figure 4.41 H-plane radiation patterns of the finalized Stripline Multibeam Antenna. 
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Chapter 5: Design Example and Application of Multibeam 
Antenna 
5.1 Wireless Local Loop ^VLL) System 
The term “ wireless local loop" refers to the wireless distribution of telephone service from the 
nearest telephone switch to the individual customers or subscribers. In some cases, it is referred to as "the 
last mile" in a telephone network, although the coverage area of a WLL system may extend many miles 
from the central office. Fig. 5.1 shows a typical WLL system. The base portion ofthe system is a radio 
base station hub (RS Hub) with a transmitting antenna, which is located at or near the telephone central 
office, or connected to the central office by a microwave backhaul or by satellite. The "wireless" portion of 
the system is the distance between the RS Hub and the individual subscribers, each of which has a full 
duplex transceiver with control circuitry, which allows an ordinary telephone to be connected to the device. 
� V ) Multibeam ^ _ . ^ ^ 1 ^ ^ � 
^^••^^^SateimeUpiinkl Aqtenna ^ ^ " " ) 
I X ^ * - 6 - - : ^ Wireless _ j S ^ " ^ < = ^ ^ ^ ^ _ ^ 
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Figure 5.1 Typical Wireless Local Loop System. 
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Since a WILL system serves as the access line for fixed telephone sets, it must provide the same level of 
quality as conventional telephone systems. In addition, since radio waves are used, careful consideration 
must be given to protection of confidentiality and terminal authentication. To improve the communication 
quality, we can use the multibeam antenna in the base station hub. Thus, each beams serve certain local 
areas, offering frequency reuse and improved signal to clutter/noise ratio. Beside, the adjacent and co-
channel interference can also be dramatically improved. 
Design example 
This section demonstrates how to implement the multibeam antenna in the WLL. By using four 
sets of the Stripline Multibeam Antennas, each set covering 90® in azimuth. So, there are 16 beams 
covering 3 6 0 �i n azimuth. Fig. 5.2 shows the geometry of the antenna and the corresponding radiation 
pattem. Assume each beam can serve 15 time division multiplexed users with specified channels in the 
WLL, then each multibeam system at the base station can serve 15x 16 = 240 users. The adjacent and 
co-channel interference can also be improved when compared with omnidirectioinal antennas. 
Measurement carried out at CUHK demonstrated that the co-channel interference was improved by 12 dB 





Figure 5.2 16-Beam Antenna and the H-plane radiation pattern. 
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Fig. 5.3 shows the experimental setup. Two sinusoidal signals at 2.32 GHz and 2.35 GHz were 
input at two antenna ports, and the, other ports were matched with resistive load. We use different 
frequencies only for the purpose of easier comparison. The real purpose is to show Co-channel 
Interference. Thus, the signals at port 2 and port3 would produce two radiation beams, which were 
pointing at two different directions (+60�and —60�). Hom antenna was placed 5 meter away from the 
multibeam antenna to receive signal from port 2 (2.35 GHz). The spectrum analyzer was connected to the 
hom and the power level of the two signals were measured. Now, we consider the signal (2.35 GHz) as the 
main signal and the other signal (2.32 GHz) as the interferer. The measured interference was -11.8 dB. 
Hence, there was 12 dB improvement for using the multibeam antenna. Fig. 5.4 shows the photos during 
the measurement. 
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Figure 5.3 Measurement of adjacent channel interference by using multibeam antenna. 
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(b) The Horn antenna was placed at certain angle to receive the strongest signal. 
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(d) The Stripline Multibeam antenna. 
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(e) The Two Signal Generators and the Spectrum Analyser were connected to the Multibeam 
antenna and the Horn antenna, respectively. 
Figure 5.4 Photos of the measurement. 
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6.1 Conclusions 
A 4x4 Multibeam Antenna was constructed, simulated and optimized using FDTD/PML method. 
Simulation results agreed well with measurement results, with mean error of transmission loss prediction 
less than 0.85 dB and mean error of return loss prediction less than 11.35 dB. The mean error of phase 
difference is only 6.8 degrees. For substrate selection, traditional network design at microwave frequency 
utilizes substrates such as PTFE, RT Duroid, etc. These materials offer excellent electrical performance, 
but resulting costs are often too high for commercial application. Thus we choose a low cost FR4 to 
construct the antenna. 
The ultimate goal of this project is to design a multibeam antenna with 1) reduced size, 2) good 
front-to-back ratio, 3) improved feeding to antenna element and 4) desirable radiation pattern 
Size reduction - by reducing corners existing in the phase shifting sections and being reorienting 
the hybrid in the network we achieve a 30% reduction in network size compared with previous works. The 
size of the multibeam antenna is 23cm x 16.5cm. 
Good Front-to-back ratio - with the implementation of stripline fed network, back radiation from 
the beam forming network was suppressed which also minimized the thickness of the total integrated 
antenna system. More than 16 dB improvement in front-to-back ratio was achieved, when compared with 
microstripline feed. 
Improved feeding to antenna element - a novel half wavelength asymmetric shorting stub was used 
in the aperture coupled patch for parallel-plate mode suppression. The measured input return loss was 
better than 30 dB at the operating frequency. The radiation efficiency of this combination was similar to a 
direct fed patch; with of course, a much better front-to-back ratio. 
Desirable radiation pattern - the radiation pattern of the 4x4 Stripline Multibeam Antenna was 
measured, showing a desirable radiation patterns. To prevent high side lobes or grating lobes which 
increase interference and spurious signal reception, a taper in the amplitudes of the radiating elements was 
introduced, which was achieved by controlling the size of the coupling slot. It was demonstrated that 
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adding amplitude taper did suppress the grating lobe by more than 5 dB but it also reduced the beams 
pointing direction spread. 
To summarize, the Stripline Multibeam Antenna can direct narrow beams in specific directions. 
This technique offers frequency reuse and improved signal to clutter/noise ratio. In addition, the effective 
gain, adjacent and co-channel interference are dramatically improved. In an interference measurement, it 
showed that the co-channel interference was improved by 12 dB. 
6.2 Recommendations for Future Work 
On the basis of the results of this thesis, the following recommendations are made: 
1) The simulation of the stripline aperture coupled patch with more accurate model should be 
implemented in FD-TD, such as employing local subcell model of fine geometrical features. 
2) Implementation of dual polarized radiating element by employing a cross shaped coupling slot in the 
Stripline Multibeam Antenna. It will allow some amount of diversity improvement to combat 
multipath fading. 
3) Implementation of active control in the Multibeam Antenna so that it is capable of automatically 
adjusting its radiation pattern direction, tracking stronger receiving signal and rejecting the relatively 
weak co-channel interference. 
4) Use of thicker substrates combined with low permittivity materials can prevent the appearance of 
surface waves while enhancing radiation and widening the frequency bandwidth of the patch. On the 
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